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Application  of  the  Premature  Chromosome  Condensation  Assay 
in  Simulated  Partial-Body  Radiation  Exposures:  Evaluation  of 
the  Use  of  an  Automated  Metaphase-Finder 

W.  F.  Blakely  '^  P.  G.  S.  Prasanna,^  C.  J .  Kolanko,^  M.  D.  Pyle,^  D.  M.  Mosbrook,^ 
A.  S.  boats,'"  T.  L.  Rippeon,'"  H.  boats'" 

'‘Armed  Forces  Radiobiology  Research  Institute,  Radiation  Biophysics  Department,  Bethesda,  Maryland,  USA; 
^Loats  Associates,  Westminster,  Maryland,  USA 
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•  Biodosimetry  •  Partial-body  exposure  •  Metaphase-finder 


Abstract.  The  premature  chromosome  condensa¬ 
tion  (PCC)  assay  has  been  proposed  as  a  useful  and 
rapid  end  point  for  biological  dosimetry  following 
accidental  high-dose  radiation  overexposures.  A 
major  benefit  of  the  PCC  assay  is  that  it  does  not 
require  cells  to  divide  for  evaluation  of  cytogenetic 
damage.  The  PCC  assay  was  performed  on  isolated 
human  peripheral  lymphocytes  exposed  in  vitro  to 
doses  from  1  to  9  Gy  of  250  kVp  x-rays.  The  dose- 
response  relationships  of  the  frequency  distribu¬ 
tion  and  the  yield  of  PCC  fragments  in  cells  were 
determined  after  one  day  of  repair  at  37° C.  A  Qpcc 
approach,  which  involves  the  analysis  of  the  yield  of 
excess  PCC  fragments  in  damaged  cells,  was  used 
to  establish  a  dose-response  calibration  curve.  This 
method  is  identical  in  concept  to  the  Q^r  technique 
introduced  by  Sasaki  [1]  for  partial-body  exposure 
dose-estimates  using  asymmetrical  chromosome 
aberrations  (i.e.,  dicentrics  and  rings)  in  metaphase 
spreads  of  human  lymphocytes.  A  simulated  in 
vitro  test  of  a  partial-body  exposure  to  a  6-Gy  dose 
was  performed.  The  results  from  this  test  provided 
dose  estimates  of  5.3  ±  0.6,  4.7  ±  0.6, 5.0  ±  0.6  and 
4.7  ±  0.8  Gy  for  the  20, 30, 50  and  75  percent  com¬ 
ponent  of  6-Gy  irradiated  cells,  respectively.  An 
automated  metaphase-finding  system  was  evalu¬ 
ated  for  use  with  the  PCC  assay.  This  system 
helped  to  locate  PCC  spreads  among  the  mitotic 
inducer  Chinese  hamster  ovary  (CHO)  metaphase 
spreads,  thereby  facilitating  rapid  scoring  of  sam¬ 
ples.  We  conclude  that  the  measurement  of  excess 
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PCC  fragments  in  Giemsa-stained  preparations 
provides  useful  biological  dosimetry  information 
on  the  size  of  the  irradiated  fraction  in  cases  of 
acute  radiation  exposures.  Use  of  Qpcc  analysis  is 
recommended  for  partial-body  exposures  to  deter¬ 
mine  dose  estimates  for  the  irradiated  fraction. 
Automated  metaphase  finding  significantly 
enhances  the  speed  of  the  PCC  assay. 

Introduction 

The  premature  chromosome  condensation 
(PCC)  technique,  initially  introduced  by  Johnson 
and  Rao  [2],  involves  either  ultraviolet  light-inac¬ 
tivated  Sendai  virus  [2, 3]  or  polyethylene  glycol 
(PEG)  [3, 4]  assisted  fusion  of  mitotic  “inducer” 
cells  with  “test”  interphase  cells.  A  mitotic  fac¬ 
tor  from  the  mitotic  inducer  cells  is  believed  to 
cause  a  dissolution  of  the  nuclear  envelope  and 
subsequent  premature  condensation  of  interphase 
DNA.  In  the  case  of  a  nonirradiated  and  resting 
Gj  human  lymphocyte,  this  process  permits  visu¬ 
alization  of  46  single-chromatid-like  structures, 
which  appear  along  with  the  conventional 
metaphase  chromosomes  of  the  mitotic  inducer 
cell  following  appropriate  hypotonic  swelling, 
fixation  and  staining. 

Ionizing  radiation  causes  an  increase  in  the 
number  of  PCC  fragments  in  cells.  The  PCC 
assay  has  been  used  to  examine  the  effects  of 
radiation  quality  and  the  kinetics  of  repair  fol¬ 
lowing  exposure  of  mammalian  ceils  to  low- 
and  high-linear  energy  transfer  (LET)  radia¬ 
tions  [5-9].  Bedford  and  Goodhead  [10]  showed 
that  alpha  particles  (3.2  MeV,  128  keV//<m) 
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produced  a  relative  biological  effectiveness 
(RBE)  of  2.2  for  the  early  production  of  excess 
PCC  fragments  in  noncycling  HF19  human 
diploid  fibroblasts.  Pantelias  and  Maillie  [11] 
demonstrated  that  even  though  rat  peripheral 
blood  lymphocytes  have  undergone  significant 
repair  by  one  day  following  whole-body  expo¬ 
sure  to  3  Gy  x-rays,  elevated  yields  of  excess 
PCC  fragments  can  still  be  detected  for  several 
days  postirradiation. 

The  PCC  assay  has  been  suggested  as  a 
valuable  end  point  for  use  as  a  biological  indi¬ 
cator  for  radiation  doses  in  cases  of  accidental 
radiation  exposures  [4,  12].  Since  the  PCC  tech¬ 
nique  does  not  require  the  stimulation  of  resting 
cells  to  proliferate,  radiation  injury  in  cells  that 
otherwise  would  not  proceed  into  mitosis  can  be 
visualized.  A  significant  advantage  of  the  PCC 
technique  is  that  it  is  rapid  and  affords  the  oppor¬ 
tunity  for  cytogenetic  laboratories  to  provide 
results  within  one  day  of  receipt  of  a  peripheral 
blood  sample. 

Dose  inhomogeneity  is  a  major  factor  to  con¬ 
sider  in  biodosimetry  studies.  Relying  primarily 
upon  the  use  of  the  measurement  of  dicentrics 
and  rings  in  metaphase  spreads  from  stimulated 
human  lymphocytes,  dose  inhomogeneity  has 
been  addressed  by  several  approaches,  including 
the  contaminated  Poisson  [13,  14]  and  Qdr  [1,  13] 
methods.  Natarajan  and  colleagues  recently 
demonstrated  that  the  PCC  assay,  compared  with 
the  dicentric  and  micronuclei  assay,  provides  a 
more  accurate  prediction  of  small  fractions  of 
partial-body  exposures  [15]. 

Searching  for  metaphases  represents  the 
major  time-consuming  and  tedious  part  for  a 
cytogenetic  laboratory  that  scores  chromosome 
aberrations  [16].  The  use  of  an  automated 
metaphase-finding  system  offers  significant 
benefit  in  the  study  of  rogue  cells  [17],  in  the 
survey  of  populations  of  occupationally  irradi¬ 
ated  workers,  and  in  cases  of  dose  estimations 
for  radiation  accidents  involving  partial-body 
exposures  [16].  Reduction  in  labor  costs  asso¬ 
ciated  with  the  scoring  of  large  number  of  sam¬ 
ples  represents  the  major  benefit.  At  present,  it 
is  not  known  whether  any  of  the  commercially 
available  metaphase-finders  would  require  adap¬ 
tion  for  use  in  the  PCC  assay,  where  PCC 
spreads  represent  a  small  fraction  (<10%)  of 
the  mitotic  inducer  cell  spreads. 

We  evaluated  the  application  of  the  PCC 
assay  for  estimation  of  the  irradiation  fraction 
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and  dose  to  the  irradiated  fraction  in  simulated 
partial-body  exposures  as  well  as  the  feasibility 
of  using  an  automated  metaphase-finding  system 
to  expedite  locating  PCC  spreads  for  analysis. 

Materials  and  Methods 

Mitotic  Cells 

Mitotic  Chinese  hamster  ovary  (CHO)  cells, 
which  were  used  as  mitotic-inducer  cells  in  the 
PCC  assay,  were  obtained  by  a  modified  mitotic¬ 
cell  collection  protocol  suggested  by  E.  A. 
Blakely  of  Lawrence  Berkeley  Laboratory,  CA. 
This  protocol  is  based  on  colchicine-induced 
inhibition  of  cell  progression  in  metaphase,  fol¬ 
lowed  by  repeated  sequential  mitotic  “shake-off’ 
procedures  of  the  colchicine-treated  CHO  cells. 

CHO  cells  were  maintained  as  stock  cultures 
in  complete  growth  media  consisting  of  a-mini- 
mum  essential  medium  (a-MEM)  supplemented 
with  fetal  bovine  serum,  sodium  bicarbonate  and 
antibiotics;  cells  were  grown  at  37°C  in  an  atmos¬ 
phere  of  5%  002/95%  air  with  biweekly  subcul¬ 
turing.  In  the  mitotic  collection  experiments, 
exponentially  growing  cells  were  plated  into  tis¬ 
sue-culture  flasks  so  that  after  one  day  the  flask 
was  subconfluent.  Typically,  several  preshakes 
were  performed  to  dislodge  dead,  loosely-attached 
or  floating  cells.  Mitotic  cells  were  then  harvested 
from  a  total  of  three  3.5  h  collection  intervals  with 
complete  medium  containing  2  pg/ml  of  colchicine 
(mitotic  medium),  pelleted  by  centrifugation  (4°C), 
and  resuspended  in  mitotic  medium  (4°C);  then  a 
cell  count  was  performed.  Typically,  the  mitotic 
index  of  this  cell  suspension  ranged  from  0.93  to 
0.97,  based  on  microscopic  examination  of  more 
than  1 ,000  Geisma-stained  cells  in  smears.  Approx¬ 
imately  1x10^  mitotic  cells  were  then  transferred 
to  cyrovials  (Nunc  Cryotubes,  Intermed,  Roskilde, 
Denmark)  in  mitotic  medium  containing  10% 
dimethyl  sulfoxide.  Cells  in  cryovials  were  then 
placed  in  a  freezing  container  (Cryo  1  °C  freez¬ 
ing  container.  Cat.  No.  5 100-0001 ,  Nalgene  Corp., 
Rochester,  NY)  that  was  transferred  to  a  mechan¬ 
ical  freezer  (-70°C)  for  a  controlled-rate  freez¬ 
ing  (i.e.,-l°C/min).  After  24  h  the  cryovials  were 
transferred  to  a  liquid-nitrogen  storage  container 
until  later  use  in  the  PCC-assay. 

Lymphocyte  Culture 

Whole  blood  from  healthy  human  donors 
was  collected  into  standard  blood  collection 
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tubes  containing  ethylenediamine  tetraacetate 
acid  (EDTA)  (Becton-Dickinson,  Rutherford, 
NJ).  The  informed  consent  form  used  in  this 
study  was  approved  by  the  Uniformed  Services 
University  of  the  Health  Sciences,  Human  Use 
Committee,  Bethesda,  MD.  Lymphocytes  were 
isolated  from  whole  peripheral  blood  using 
Ficoll  (Histopaque  1077,  Sigma  Chemical  Co., 
St.  Louis,  MO)  gradients,  washed  with  phos¬ 
phate  buffered  saline  (PBS),  and  suspended  in 
complete  growth  medium  (KaryoMax  Bone 
Marrow  Karyotyping  Medium,  GIBCO  BRL, 
Gaithersburg,  MD).  Cell  cultures  were  typically 
aerated  in  complete  culture  media  in  tissue-cul¬ 
ture  flasks  for  at  least  30  min  at  37°C  prior  to 
either  sham  treatment  or  exposure  to  radiation. 

Irradiation  Procedure  and  Dosimetry 

Cells  suspended  in  culture  media  in  tissue- 
culture  flasks  were  irradiated  on  a  rotating 
Plexiglas  holder  with  a  Phillips  industrial  x-ray 
machine  (Phillips  GMBH,  Hamburg,  Germany) 
at  room  temperature.  The  irradiation  conditions 
were  a  dose  rate  of  1  Gy/min  with  an  effective 
energy  of  83  keV  (source-to-surface  distance 
was  approximately  55  cm,  250  kVp  at  12.5  mA, 
filtration  with  0.20  mm  Cu  and  1 .0  mm  Al)  [18]. 
Dosimetry  was  determined  using  ion  chambers 
placed  in  tissue-culture  flasks  filled  with  tis¬ 
sue-equivalent  plastic  [19].  Nominal  doses  were 
reported;  however,  for  each  experiment,  the 
individual  dose  measurements  obtained  were 
within  5%  of  the  nominal  dose. 

Cells,  following  radiation  procedures,  were 
typically  transferred  to  sterile  centrifuge  tubes 
and  maintained  at  37°C  for  various  incubation 
intervals  as  indicated. 

PCC  Assay 

The  lymphocytes  were  fused  with  CHO 
mitotic  cells  in  the  presence  of  polyethylene  gly¬ 
col  (PEG)  (MW  1450;  Sigma  Chemical  Co.,  St. 
Louis,  MO)  by  a  modified  method  of  Pantelias 
and  Maillie  [4]  for  the  induction  of  PCC.  Briefly, 
approximately  two  million  mitotic  cells  were 
mixed  with  lymphocytes  isolated  from  3-4  ml  of 
blood  in  a  15  ml  round-bottomed  glass  test  tube 
and  washed  with  PBS.  After  centrifugation  at  200 
g  for  8  min,  the  supernatant  was  discarded  and 
the  pellet  was  dried  by  inverting  the  tube  over  a 
blotting  paper.  The  pellet  was  floated,  being  care¬ 
ful  to  keep  the  pellet  intact,  with  the  addition  of 
0.2  ml  of  50%  PEG  (weight/volume)  using  a  1ml 
syringe.  Subsequently,  2  ml  of  PBS  was  added. 


drop  by  drop  in  a  3  min  interval,  to  dilute  PEG; 
then  cells  were  centrifuged  at  200  g  for  8  min. 
The  pellet  was  resuspended  in  0.4  ml  of  complete 
growth  medium  (KaryoMax).  Colchicine  (50  pi  of 
a  10  pg/ml  stock  solution)  and  magnesium  chlo¬ 
ride  (50  pi  of  20  mM  stock  solution)  was  added  to 
the  cell  suspension.  This  cell  suspension  was  then 
incubated  in  a  water  bath  at  37°C  for  30  min. 
Chromosome  spreads  were  prepared  on  acid- 
cleaned,  grease-free  glass  slides  following  hypo¬ 
tonic  treatment  in  1%  sodium  citrate  and  fixation 
in  1:3  acetic  methanol  by  the  standard  air-drying 
technique.  Slides  were  stained  in  4%  Giemsa  in 
distilled  water  for  counting  the  number  of  PCC 
fragments  under  a  light  microscope  at  1500x  mag¬ 
nification. 

Statistical  Evaluation 

The  analysis  of  the  yield  of  PCC  fragments 
in  cells  for  the  experimental  conditions  described 
included  the  determination  of  the  mean  ±  SE  and 
evaluation  of  the  frequency  distribution  using 
the  aVy  and  p  Papworth  test  [20].  Using  the 
Papworth  test,  values  of  aVy  >  1  and  p  >  1.96 
indicate  overdispersion. 

Student’s  r-test  was  used  to  compare  the 
yield  of  Qp^c  for  the  partial-body  studies  and  a 
test  was  performed  to  compare  observed  dose 
estimates  with  those  expected. 

Automated  Metaphase-Finder 

Slides  with  PCC  samples  were  evaluated  with 
an  automated  metaphase-finding  system  (LAI 
Metafind,  Loats  Associates  Inc.,  Westminster, 
MD).  This  system  consisted  of  a  standard  cyto¬ 
genetic  microscope  equipped  with  15  slide 
capacity  stage,  motorized  x-,  y-,  and  z-axis  com¬ 
puter-controlled  positioning  with  specially 
adapted  autofocus  capabilities.  Spread  acquisi¬ 
tion  was  obtained  using  a  color  camera  and 
color  digitizer  board.  Image  display  was  accom¬ 
plished  using  a  1024-line  resolution  video  mon¬ 
itor.  The  system  was  controlled  with  customized 
software  for  automated  spread  localization, 
quality  control  checks  and  verification  on  a 
486/66  personal  computer. 

Results  and  Discussion 

The  analysis  of  radiation-induced  damage 
was  performed  in  nonstimulated  human  lym¬ 
phocytes  by  the  PCC  assay  [4, 1 1 ,  12, 21].  Table 
I  shows  the  results  of  repeated  dose-response 
studies  following  exposure  to  250  kVp  x-rays 
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Table  I.  Results  from  250  kVp  x 
phocytes  after  one  day  of  repair' 

-ray  dose-response  studies  measuring 

excess  PCC  fragments 

in  human  lym- 

Dose, 

n 

Excess  PCC 

aVv, 

u 

Gy 

Fragments. 

Ratio  ±  SE 

Mean  ±  SE 

0 

79 

1.62  ±0.32 

5.12  ±0.16 

25.81 

1 

53 

4.75  ±0.69 

5.36  ±0.20 

22.29 

3 

45 

7.13±0.69 

3.04  ±0.2  I 

9.60 

6 

81 

13.18  ±0.78 

3.67  ±0.16 

16.94 

9 

41 

25.0  ±  1.78 

5.1  1  ±0.22 

18.39 

“’Experimental  conditions  are  described  in  the  legend  of  Figure  1 .  Distribution  analysis  of  the  number  of  excess 
PCC  fragments  was  analyzed  as  described  by  Painvorth  [20]  using  the  aVv  and  overdispersion  parameter  (p). 
A  u  value  >1 .96  indicates  the  distribution  is  significantly  overdispersed. 


and  one  day  of  repair  (37°C).  The  number  of 
excess  PCC  demonstrated  a  progressive 
increase,  with  dose,  from  1.62  ±  0.32  at  0  Gy 
to  25  ±  1 .78  at  9.0  Gy.  These  data  were  fitted  to 
a  linear  model  with  a  slope  of  2,3  ±  0.2  excess 
PCC/Gy  and  intercept  of  1.22  ±  0.63  excess 
PCC/Gy  (r-  =  0.968).  Similar  linear  dose- 
response  relationships  have  been  observed  for 
x-rays  using  human  lymphocytes  for  doses  up  to 
8  Gy  after  1  to  24  h  [12,21]. 

The  dose-response  data  of  x-ray  induced 
excess  PCC  fragments  were  also  subjected  to  a 


1/3 


Fig.  1.  Dose-response  relationship  for  the  fraction  of 
damaged  cells.  Isolated  human  lymphocytes  were 
exposed  to  0  to  9  Gy  doses  of  250  kVp  x-rays. 
Following  one  day  of  repair  at  37'’C,  the  effect  of 
radiation  on  the  induction  of  DNA  damage  in  lym¬ 
phocytes  was  evaluated  using  the  PCC  assay. 
Damaged  cells  represent  cells  with  >48  PCC  frag¬ 
ments  per  cell.  Symbols  reflect  the  mean  fraction 
with  bars  representing  standard  errors.  Data  was 
pooled  from  three  independent  experiments. 


distribution  analysis  using  the  aVy  and  u  overdis¬ 
persion  test  [20]  (Table  I).  At  all  radiation  doses 
the  number  of  excess  PCC  fragments  revealed 
significant  overdispersion  as  indicated  by  p  values 
>1.96.  Again  the  observations  by  Pantelias  and 
Maillie  [12]  corroborate  these  findings  since  they 
also  report  significant  overdispersion  of  lym¬ 
phocyte  PCC  data  following  exposure  to  x-rays. 

Since  the  distribution  of  PCC  fragments  is 
non-Poisson,  a  method  that  does  not  rely  on  the 
data  demonstrating  Poisson  distributions  was  used 
to  estimate  either  the  irradiated  fraction  or  dose  to 
the  irradiated  fraction.  We  introduced  the  Qp^c 


Dose,  Gy 


Fig.  2.  Dose-response  relationship  for  the  yield  of 
excess  PCCs  in  damaged  lymphocytes  using  the 
method.  Experimental  conditions  are  as  described  in 
the  Figure  1  legend.  Symbols  and  bars  reflect  the 
mean  ±  SE  of  excess  PCC  fragments  in  damaged 
cells.  The  curve  represents  a  fit  of  the  data  to  a 
weighted  linear-quadratic  model. 
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method,  which  is  identical  in  concept  to  the  -g 
approach  of  Sasaki  [1],  and  is  applicable  to  the  ^ 
PCC  assay  for  partial-body  dose  estimates,  g 
Damaged  cells  were  defined  as  those  with  >48  •- 

PCC  fragments  or  a  suitable  number  in  excess  of  -5 
nonirradiated  cells.  Confirmation  that  this  S 
approach  provided  a  reliable  indication  of  the  | 
size  of  the  irradiated  fraction  was  evidenced  by  ^ 
the  relationship  of  the  dose  dependency  of  the  S 
fraction  of  damaged  cells  as  shown  in  Figure  1 .  ^ 

These  data  show  that  the  fraction  of  damaged  ^ 
cells  rapidly  increased  with  dose  of  radiation  s 
delivered,  reaching  a  plateau  of  >90%  damaged  ^ 
cells  by  the  3  Gy  dose.  These  findings  support  t 
the  use  of  this  approach  to  readily  estimate  par- 
tial-body  fractions  at  high  doses  (>3  Gy).  § 
Recently  Darroiidi  and  colleagues  reported  sue-  S 
cessfully  using  this  approach  to  accurately  esti- 
mate  the  irradiated  fraction  in  a  partial-body  5 
primate  exposure  study  [22] .  g 

The  Qpec  method  also  permits  evaluation  of 
the  dose  to  the  irradiated  fraction.  The  dose  B 

<D 

dependency  for  the  yield  of  excess  PCC  frag- 
ments  in  damaged  cells  is  illustrated  in  Figure  2. 

The  dose  dependency  of  excess  PCC  fragments  | 
in  damaged  cells  was  fitted  to  a  linear  quadratic  ^ 
relationship  (F  =5.96-1-  0.046D  -1-  0.235D-;  D  -  u 
dose  in  Gy,  Y  =  excess  number  of  PCC  frag-  ^ 
ments  in  damaged  cells)  for  radiation  dose  up  to 
9  Gy.  This  data  can  be  used  as  a  Qp,.,.  dose-  ^ 
response  calibration  curve  to  estimate  dose  to 
the  irradiated  fraction  in  simulated  partial-body 
exposure  studies.  s 

Using  in  vitro  6  Gy  irradiated  cells,  a  sim-  ^ 
ulated  partial-body  exposure  study  was 
performed.  Irradiated  and  nonirradiated  lym-  I 
phocytes  were  mixed,  following  the  irradiation  <1^ 
protocol,  and  were  incubated  for  one  day  at  'o 
37“C.  The  PCC  assay  was  performed  to  address  « 
the  potential  role  of  interphase  cell  death,  effi-  ^ 
ciency  of  PEG-mediated  fusion  and  chromo-  3 
some  condensation  in  determining  estimates  of  = 
the  irradiated  fraction  and  dose  to  the  irradiated  V 
fraction  of  cells  in  a  mixed-cell  culture.  The  ^ 
fraction  of  damaged  cells  and  the  estimated  radi-  i 
ation  doses  for  different  fractions  of  irradiated  ® 
cells  for  this  study  are  shown  in  Table  II.  The  o 
measured  fraction  of  damaged  cells  correlated  't!  ^ 
with  the  irradiated  fraction,  indicating  no  appar-  3  ^ 
ent  decreased  efficiency  of  the  PCC  assay  on  o 
damaged  cells.  Using  the  Qpec  method,  the  dose  ^  ® 
to  the  irradiated  fraction  was  estimated  based  «  .2 

on  the  mean  number  of  excess  PCCs  and  the  «  § 
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Fig.  3.  Photograph  of  a  video  monitor  image  demonstrating  the  use  of  automated  metaphase-finding  system  for 
locating  PCC  spreads.  The  customized  metaphase  software  uses  gray-scale  morphometric  algorithms  to  isolate 
candidate  metaphase  spreads,  based  on  geometric  shape,  spread  density  and  texture  measurements.  Candidate 
spreads  are  displayed  in  a  postage-stamp  format  for  user  review  of  spread  quality  or,  as  in  this  case,  for  identi¬ 
fication  of  PCC  spreads  for  analysis.  User-chosen  spreads  are  automatically  located  on  the  slide  and  displayed  at 
high  power  for  analysis  on  a  high-resolution  monitor. 


Qpcc-dose-response  calibration  curve.  Dose  esti¬ 
mates  ranged  from  4.7  to  5.3  Gy  for  the  0%  to 
75%  irradiated  volume  and  were  not  signifi¬ 
cantly  different  from  those  expected  at  the  6  Gy 
dose  (pooled  Chi-  P  =  0.94). 

Investigators  earlier  addressed  the  problem 
of  cell  selection,  interphase  death  and  mitotic 
delay  leading  to  the  underestimation  of  the  radi¬ 
ation  dose  in  the  event  of  partial-body  exposure 
by  the  conventional  dicentric  assay  [23,24].  For 
x-rays  from  1  to  10  Gy  and  ratios  of  irradiated 
and  nonirradiated  blood  from  1 : 1  to  1 :9,  agree¬ 
ment  was  found  between  calculated  and  applied 
radiation  doses  and  fractions  exposed  by  use  of 
the  contaminated  Poisson  method  on  dicentric 
data  by  Hilali  and  colleagues  [14].  However, 
this  approach  is  very  dependent  on  scoring  of  a 
large  number  of  samples  (>500  metaphase 
spreads),  which  can  be  difficult  in  the  case  of 
accidental  high-dose  radiation  overexposures. 

Our  studies  demonstrated  the  potential 
advantages  of  the  PCC  assay  to  aid  in  over¬ 
coming  some  of  the  complex  problems  (e.g., 


mitotic  delay,  interphase  death  and  failure  of 
stimulation)  that  interfere  with  dose  estimation 
in  the  lymphocyte  dicentric  assay.  At  very  high 
radiation  doses  (>9  Gy)  with  significant  reduc¬ 
tions  in  lymphocyte  peripheral  blood  counts, 
the  PCC  assay  may  provide  an  underestimation 
of  the  radiation  dose  to  the  irradiated  fraction 
without  correcting  the  results  for  loss  of  heavily 
damaged  cells  from  the  circulating  peripheral 
blood  pool. 

Rapid  localization  of  the  PCC  spreads  on 
the  slide  is  desired  to  expedite  the  visual  enu¬ 
meration  of  PCC  fragments.  Use  of  an  auto¬ 
mated  metaphase-finding  system  can  facilitate 
the  localization  and  scoring  of  the  PCC 
spreads,  since  the  yield  of  PCCs  is  relatively 
low  compared  to  the  mitotic  inducer  cells  and 
lymphocytes. 

Using  the  search  program  of  the  metaphase¬ 
finding  software  under  a  low-power  (lOx) 
objective,  PCCs  were  readily  detected  amidst 
the  metaphase  spreads  and  were  displayed  in 
a  postage-stamp  mode  following  automatic 
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scanning  of  the  slides  (Fig.  3).  The  metaphase¬ 
finding  software  also  conveniently  reposi¬ 
tions  the  microscope  stage  to  permit 
reexamination  of  specific  PCCs  at  higher 
magnification  by  selecting  identified  postage- 
stamp  images  of  PCC  spreads.  Typical  slide¬ 
scanning  times  of  <20  min  per  slide,  to  obtain 
a  threshold  of  150  metaphase  spreads,  were 
observed.  The  automated  finding  of  candi¬ 
date  metaphase  spreads  significantly  increased 
the  speed  of  scoring  PCCs. 

Efforts  are  under  way  to  automate  the 
counting  of  the  PCC  fragments  in  our  labora¬ 
tory.  Pantelias  and  colleagues  [25]  recently 
applied  C-banding  techniques  to  the  PCC  assay, 
permitting  the  scoring  of  dicentrics  and  cen¬ 
tric  rings  in  these  preparations.  Similar  capa¬ 
bilities  can  be  obtained  using  in  situ  DNA 
hybridization  methodology  [7,  26]  applied  to 
PCC  samples.  Application  of  these  chromo¬ 
some-painting  techniques  to  permit  measure¬ 
ment  of  chromosome  aberrations  typically 
associated  with  radiation  injury  and  the  use  of 
automated  scoring  systems  can  assist  cytoge¬ 
neticists  in  providing  biodosimetry  informa¬ 
tion  rapidly  to  clinicians  treating  radiation 
victims  following  acute  exposures. 
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Histamine  /  Hypotension  /  Ischemia  /  Radiation  /  Serotonin 

Exposure  to  ionizing  radiation  causes  hypotension,  cerebral  ischemia  and  release  of  histamine  (HA)  and 
serotonin  (5-HT).  To  investigate  the  relationship  among  these  responses,  rhesus  monkeys  (Macaca  mulatto) 
received  physiological  saline  (i.v.),  disodium  cromoglycate  (DSCG),  antihistamines  (AH,  mepyramine  and 
cimetidine),  or  methysergide  (METH),  then  were  given  25  Gy  whole-body  irradiation.  Monkeys  receiving 
DSCG-*,  AH  or  METH  had  higher  post-irradiation  mean  arterial  blood  pressure  (MBP)  than  saline-treated 
controls.  Compared  to  levels  in  controls,  post-irradiation  hippocampal  blood  flow  (rCBF)  levels  were  higher 
in  monkeys  receiving  DSCG,  AH  or  METH.  Treatment  with  the  5-HT2  receptor  antagonist  methysergide 
was  the  most  effective  in  maintaining  both  rCBF  and  MBP  after  irradiation.  Results  support  the  hypothesis 
that  the  irradiation-induced  cerebral  ischemia  and,  to  some  extent,  the  hypotension  is  mediated  by  serotonin 
through  5-HT2  receptor  sites. 
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Hinson  Road,  Little  Rock,  AR  72212-2712,  U.S.A. 

Supported  by  the  Armed  Forces  Radiobiology  Research  Institute,  Defense  Nuclear  Agency,  under  work 
unit  00053  in  1986.  Views  presented  in  this  paper  are  those  of  the  authors;  no  endorsement  by  the  Defense 
Nuclear  Agency  has  been  given  or  should  be  inferred.  Research  was  conducted  according  to  the  principles 
enunciated  in  the  “Guide  for  the  Care  and  Use  of  Laboratory  Animals”  prepared  by  the  Institute  of 
Laboratory  Animal  Resources,  National  Research  Council. 
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INTRODUCTION 


Studies  have  shown  elevated  levels  of  circulating  blood  histamine  (HA)  in  humans  under¬ 
going  radiation  therapy^^  and  increased  levels  of  HA  in  plasma  of  nonhuman  primates^’^^ 
following  irradiation,  HA  is  implicated  in  irradiation-induced  hypotension  and  post-irradiation 
reduced  cerebral  blood  flow^’'^^  However,  HA  is  not  the  only  biological  mediator  involved  in 
irradiation  injury^ and  may  not  be  the  mediator  directly  responsible  for  the  irradiation-induced 
decrease  in  cerebral  blood  flow^’^\ 

The  irradiation-induced  reduction  in  cerebral  blood  flow  may  employ  intermediate 
mediators  such  as  free  radicals  produced  by  exposure  to  ionizing  irradiation^ Free  radical 
interactions  are  implicated  in  many  pathological  conditions  including  irradiation  injury,  ische¬ 
mia,  microvascular  injury  and  cell  membrane  damage^^“^^^.  Disodium  cromoglycate  (DSCG),  a 
known  mast-cell  stabilizer  and  an  efficient  free-electron  scavenger^ was  employed  successful¬ 
ly  to  diminish  the  irradiation-induced  decrease  in  regional  cerebral  blood  flow  (rCBF)  without 
altering  significantly  the  irradiation-induced  release  of  HA'^^  However,  DSCG  and  the  antihista¬ 
mines  (AH)  mepyramine  and  cimetidine,  given  in  combination,  significantly  altered  post¬ 
irradiation  hypotension  and  the  reduction  in  rCBF^^.  Therefore,  a  hypothesis  that  attempts  to 
explain  the  irradiation-induced  hypotension  and  reduced  rCBF  solely  through  the  free  electron- 
histaminergic  mechanisms  may  be  incorrect. 

Serotonin  (5-hydroxytryptamine,  5-HT)  is  released  after  irradiation^’^^  and  causes  contrac¬ 
tion  of  vascular  smooth  muscle  by  direct  and  indirect  actions^^“^^\  Intracarotid  infusion  of 
neurotensin  into  the  isolated,  perfused  head  of  rats  triggered  5-HT  and  HA  release  within  one 
minute  and  elicited  vasoconstriction^®^  The  vasoconstrictor  response  was  greatly  attenuated  by 
the  5-HT  receptor  antagonist  methysergide  (METH)  but  unaffeted  by  the  antihistaminic  drugs 
mepyramine  and  cimetidine.  This  suggests  that  the  vasoconstriction  was  mediated  by  5-HT 
rather  than  by  HA. 

In  an  attempt  to  elucidate  mechanisms  underlying  the  irradiation-induced  decrease  in  rCBF 
in  primates,  the  effects  of  AH,  DSCG  or  METH  on  post-irradiation  hippocampal  blood  flow 
(rCBF)  and  mean  systemic  arterial  blood  pressure  (MBP)  were  compared  after  a  bilateral  whole 
body  irradiation  of  animals  corresponding  to  a  midline  tissue  dose  of  25  Gy  of  ^Co  gamma  rays. 
The  hippocampus  was  selected  as  the  region  of  interest  because  this  area  of  the  brain  is 
particularly  vulnerable  to  oxygen  deprivation  associated  with  ischemia^^’^^^  and  shows  alteration 
of  neuronal  activity  following  irradiation^^ 


MATERIALS  AND  METHODS 


In  this  study  we  used  22  male  rhesus  monkeys  {Macaca  mulatto)  weighing  between  3.0  kg 
and  3.9  kg  (3.25  +  0.06  SEM).  The  animals  were  divided  randomly  into  four  groups:  (1)  six  given 
physiological  saline  (i.v.)  for  60  minutes  before  and  after  irradiation,  (2)  six  given  mepyramine 
(0.5mg/min,  i.v.)  and  cimetidine  (0.25  mg/min,  i.v.)  in  saline  for  60  minutes  before  and  after 
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irradiation,  (3)  four  given  DSCG  (100  mg/kg,  i.v.)  five  minutes  before  irradiation,  and  (4)  six 
given  methysergide  orally  (4  mg/day)  for  two  days  before  irradiation  and  by  infusion  (0.476  fig! 
kg /min,  i.v.)  in  saline  for  60  minutes  before  and  60  minutes  after  irradiation.  Food  was  withheld 
from  all  animals  for  18  hours  before  the  experiment,  but  water  was  available  ad  libitum. 
Research  was  conducted  according  to  the  principles  enumerated  in  the  Guide  for  the  Care  and 
Use  of  Laboratory  Animals  prepared  by  the  Institute  of  Laboratory  Animal  Resources,  National 
Research  Council  (U.S.A.).  Monkeys  were  initially  anesthetized  in  their  cages  with  ketamine 
hydrochloride  (20  mg/kg,  i.m.)  supplemented  with  0.015  mg/kg  atropine  sulfate,  and  were  then 
moved  to  the  laboratory  for  the  remainder  of  the  experiment. 

A  systemic  venous  catheter  was  used  to  administer  physiological  saline  and  the  principal 
anesthetic,  a-Chloralose  (100  mg).  Supplemental  infusions  were  provided  as  needed,  based  on 
heart  rate,  blood  pressure,  blood  pH,  and  peripheral  reflexes.  A  femoral  arterial  catheter  was 
used  to  withdraw  blood  for  blood  gas  determinations  and  to  measure  systemic  arterial  blood 
pressure. 

Approximately  2  hours  before  irradiation,  the  animals  were  intubated  with  a  cuffed  endot¬ 
racheal  tube  and  ventilated  using  a  forced  volume  respirator  to  maintain  stable  blood  pH  and 
oxygen  tension.  After  insertion  of  the  endotracheal  tube  each  animal  was  placed  on  a  circulating 
water  blanket  to  maintain  body  temperature  between  and  38°C.  A  rectal  probe  monitored 
body  temperature. 

Using  a  technique  previously  described^  platinum-iridium  wire  electrodes  were  placed 
in  the  left  and  right  hippocampi  (CAl  region)  to  measure  rCBF  by  hydrogen  clearance. 
Measurements  were  taken  for  30  minutes  before  irradiation  and  for  60  minutes  after.  This 
technique  is  essentially  an  amperometric  method  that  has  been  successfully  employed  in  similar 
studies^’'^’^’^^ 

After  30  minutes  of  pre-irradiation  measurements  the  animals  were  disconnected  from  the 
respirator  and  recording  apparatus  and  irradiated  in  a  separate  room,  using  a  bilateral, 
whole-body  exposure  to  gamma  ray  photons  from  a  ^Co  source  located  at  the  Armed  Forces 
Radiobiology  Research  Institute.  All  doses  quoted  are  midline  abdomen  tissue  doses.  Prior  to 
animal  irradiations  the  midline  abdomen  tissue  (MLAT)  dose  rate  was  measured  by  placing  a  0.5 
cc  tissue  equivalent  ionization  chamber  (calibration  factor  traceable  to  the  National  Institute  of 
Standards  and  Technology)  at  the  center  of  a  23.6  cm  diameter,  cylindrical  acrylic  phantom,  28 
cm  in  length.  Exposure  time  was  adjusted  so  that  each  animal  received  a  total  25  Gy  MLAT  at  a 
nominal  dose  rate  of  47  Gy  per  minute.  The  tissue-to-air  ratio  (TAR),  defined  as  the  ratio  of  the 
dose  rate  in  free  air  to  the  dose  rate  measured  in  the  phantom,  was  0.95.  The  techniques  used 
for  these  measurements  were  in  accordance  with  the  AAPM  protocol  for  the  determination  of 
absorbed  dose  from  high-energy  photon  and  electron  beams^^\  [The  Gray  (Gy),  the  Systeme 
Internationale  (SI)  unit  for  absorbed  dose,  corresponds  to  an  energy  absorption  of  1  J/kg  or  100 
rad.] 

The  animals  were  reconnected  to  the  respirator  and  recording  apparatus  at  4  minutes 
post-irradiation  and  measurements  were  continued  for  a  minimum  of  60  minutes.  At  30  and  10 
minutes  before  irradiation,  and  at  2,  4,  and  6  minutes  after  irradiation,  blood  samples  were 
taken  via  the  arterial  catheter  to  monitor  stability  of  blood  pH  and  oxygen  tension,  and 
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respiration  was  adjusted  to  maintain  pre-irradiation  levels,  MBP  was  determined  via  the  arterial 
catheter  during  the  experiment.  After  the  experiment,  the  animals  were  humanely  euthanized 
with  an  i.v.  injection  of  saturated  MgS04  while  still  under  anesthesia.  Brains  were  removed  and 
dissected  for  visual  verification  of  electrode  placement. 

Blood  pressure  and  blood  flow  data  were  grouped  into  10  minute  periods,  measured  in 
relation  to  midtime  of  radiation.  Data  from  each  period  were  averaged  and  plotted  at  the  middle 
of  the  period.  The  Shapiro-Wilk  Test  was  used  to  assess  normality  of  values  of  the  various 
sample  groups^^^.  The  Wilcoxon  Rank  Sum  Test“^^  was  used  for  the  statistical  analysis  of  the 
blood  pressure  and  blood  flow  data.  A  95%  level  of  confidence  was  employed  to  determine 
significance.  Because  all  animals  were  treated  identically  before  irradiation,  and  because  the 
data  for  control  and  test  animals  showed  no  significant  difference  among  monkeys  at  30  minutes 
and  10  minutes  before  irradiation,  pre-irradiation  data  were  combined  for  each  monkey. 


Table  1.  Abbreviation  and  Acronym  Definitions 


5-HT 

= 

5-Hydroxytryptamine,  Serotonin 

AAPM 

= 

American  Association  of  Physicists  in  Medicine 

AH 

= 

Antihistamines 

CBF 

Cerebral  Blood  Flow 

DSCG 

= 

Disodium  Cromoglycate 

Gy 

= 

Gray,  SI  unit  for  absorbed  dose 

HA 

Histamine 

MBP 

Mean  Arterial  Blood  Pressure 

METH 

= 

Methysergide 

MEAT 

Midline  Abdomen  Tissue 

rCBF 

Regional  Cerebral  Blood  Flow 

SEM 

= 

Standard  Error  of  the  Mean 

SI 

= 

Systeme  Internationale 

TAR 

= 

Tissue-to-Air  Ratio 

RESULTS 

The  Shapiro-Wilk  test,  which  assesses  the  composite  hypothesis  of  normality^^\  indicated 
that  data  from  many  samples  were  sufficiently  inconsistent  (p<0.05)  with  a  normal  distribution. 
This  finding  encouraged  us  to  use  alternate  methods,  such  as  distribution-free  techniques  or 
non-parametric  statistical  procedures^^\  Therefore,  the  Wilcoxon  Rank  Sum  Test  was  used  for 
the  final  statistical  analysis^^^. 

The  mean  systemic  arterial  blood  pressure  (MBP)  of  the  four  groups  of  irradiated  animals 
decreased  from  the  pre-irradiation  mean  of  106±3.4  mm  Hg  within  10  minutes  after  irradiation 
(Figure  1  and  Table  2).  The  irradiated  group  given  saline  showed  a  drop  only  to  the  10  minutes 
post-irradiation  level  that  was  approximately  35%  of  the  pre-irradiation  value.  The  irradiated 
group  treated  with  DSCG  showed  blood  pressure  levels  that  dropped  to  approximately  the  same 
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Time  Postirradiation  (minutes) 

Figure.  1.  Percent  of  preirradiation  mean  arterial  blood  pressure  (MBP)  after 
exposure  to  25  Gy,  whole-body,  gamma  irradiation  (±SEM),  com¬ 
pared  to  a  preirradiation  mean  of  106.0  +  3.4  mm  Hg.  Six  animals 
were  given  physiological  saline  for  60  min  before  and  after  irradia¬ 
tion.  One  group  (n=4)  received  the  saline  infusion  for  60  min 
before  and  after  irradiation,  and  disodium  cromoglycate  (DSCG) 
by  i.v.  infusion  (100  mg/kg)  5  min  before  irradiation.  The  third 
group  (n=6)  received  the  antihistamines  (AH)  mepyramine  (0.5 
mg/min)  and  cimetidine  (0.25  mg/min)  in  the  saline  infusion  for  60 
min  before  and  after  irradiation.  The  fourth  group  (n=6)  received 
methysergide  (METH)  orally  (4  mg /day)  for  two  days  before  irra¬ 
diation  and  by  infusion  (0.476  //g/kg/min,  i.v.)  in  saline  for  60  min 
before  and  after  irradiation. 


Table  2.  Percent  of  Preirradiation  Mean  Arterial  Blood  Pressure  (MBP)  After  Exposure  to  25  Gy, 
Whole-Body,  Gamma  Irradiation^. 


Time  (min) 

Treatment 

Post-  — 

irradiation 

Saline 

DSCG 

AH 

METH 

10 

35.20  +  4.31 

35.50+4.72 

59.60+  9.86 

53.43  +  6.15^ 

20 

40.67  +  5.34 

47.50  +  8.74 

66.80+  8.73 

67.43  +  7.55^ 

30 

50.17  +  5.03 

51.00+7.30 

68.80  +  10.69 

71.00+4.70^ 

40 

50.00  +  5.33 

47.00+8.49 

60.60+  6.93 

66.57  +  4.17^ 

50 

42.00+4.41 

43.75  +  9.72 

56.00+  5.96 

56.14  +  3.92^ 

60 

38.17+4.95 

41.75  +  8.62 

57.40+  4.57 

52.14  +  3.33^ 

*  Significantly  different  from  saline  treated  (pj<0.05) 

*  Mean  ±  SEM 
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levels  (36%)  as  those  treated  with  saline  only.  The  group  treated  with  AH  showed  blood 
pressure  levels  that  dropped  to  approximately  60%  of  the  pre-irradiation  mean  while  the  group 
treated  with  METH  showed  a  decline  to  53.43%  of  the  pre-irradiation  mean.  However,  the 
METH  treated  group  was  the  only  group  to  show  a  significant  difference  between  its  post¬ 
irradiation  MBP  values  and  those  of  the  saline  treated  group.  A  significant  difference  (p<0.05) 
was  seen  between  the  MBP  values  of  the  METH  treated  group  of  monkeys  and  the  saline 
treated  group  at  any  time  after  irradiation.  In  each  of  the  four  groups,  the  respiration  of  each 
subject  was  maintained  at  pre-irradiation  levels,  and  the  blood  gas  data  revealed  a  general 
stability  of  blood  pH  and  oxygen  tension  throughout  the  experiment  (data  not  shown). 

Within  10  min  post-irradiation,  blood  flow  values  for  the  saline  treated  animals  showed  a 
rapid,  significant  decline  to  approximately  53%  of  the  pre-irradiation  levels  of  75.1+5.9  ml  per 


Methysergide 

Saline 

■•“A"-  Antihistamines 


0^ — ^ — h I  i  I  1 — hH — h-f I  I — hH — i 

-10  0  10  20  30  40  50  60 

Time  Postirradiation  (minutes) 

Figure.  2.  Percent  of  preirradiation  mean  hippocampal  blood  flow  (rCBF) 
after  exposure  to  25  Gy,  whole-body,  gamma  irradiation  (  +  SEM), 
compared  to  a  preirradiation  mean  of  75.1  ±5.9  ml/ 100  g  of  tissue/ 
min.  Six  animals  were  given  physiological  saline  for  60  min  before 
and  after  irradiation.  One  group  (n=4)  received  the  saline  infusion 
for  60  min  before  and  after  irradiation,  and  disodium  cromoglycate 
(DSCG)  by  i.v.  infusion  (100  mg/kg)  5  min  before  irradiation.  The 
third  group  (n  =  6)  received  the  antihistamines  (AH)  mepyramine 
(0.5mg/min)  and  cimetidine  (0.25  mg/min)  in  the  saline  infusion 
for  60  min  before  and  after  irradiation.  The  fourth  group  (n=6) 
received  methysergide  (METH)  orally  (4mg/day)  for  two  days 
before  irradiation  and  by  infusion  (0.476  ag/kg/min,  i.v.)  in  saline 
for  60  min  before  and  after  irradiation. 
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Table  3.  Percent  of  Preirradiation  Mean  Hippocampal  Blood  Flow  (rCBF)  After  Exposure  to  25  Gy, 
Whole-Body,  Gamma  Irradiation®. 


Time  (min) 

Treatment 

Post-  — 

irradiation 

Saline 

DSCG 

AH 

METH 

10 

52.83  +  9.28 

83.50  +  6.45 

106.6±  15.18* 

111.86  +  12.36** 

20 

56.67  +  7.89 

85.50+4.13 

91.6+  9.23* 

105.29+  8.39** 

30 

64.83  +  8.44 

85.25  +  2.39 

95.0  +  8.07* 

103.14  +  6.66** 

40 

66.00  +  6.44 

79.50+6.44 

87.4  +  5.36* 

104.29  +  6.96** 

50 

63.33  +  7.54 

77.25  +  7.95 

86.4+  3.75* 

91.00  +  6.78* 

60 

65.67  +  7.98 

77.50+7.35 

91.4+  2.91*’ 

92.71+  6.54* 

*  Significantly  different  from  saline  treated  (p;<0.05) 
**  Significantly  different  from  saline  treated  (p^O.Ol) 
®  Mean  ±  SEM 


100  g  of  tissue  per  min  in  the  hippocampus  (Figure  2,  Table  3).  At  all  measurements  after 
irradiation,  rCBF  was  not  significantly  different  between  the  saline  and  DSCG  groups.  The 
remaining  two  groups  of  irradiated  animals  (one  given  AH  and  the  other  given  METH)  did  not 
show  initial  decreases  in  rCBF  and  were  significantly  different  (p<0.05)  at  all  post-irradiation 
measurements  from  the  group  given  saline.  In  fact,  after  irradiation,  rCBF  levels  for  both  the 
AH  and  the  METH  treated  groups  showed  increases  within  two  minutes  to  levels  that  were 
higher  than  the  pre-irradiation  levels.  The  rCBF  in  the  AH  treated  group  decreased  to  a  level 
less  than  the  pre-irradiation  level  by  the  20-min  post-irradiation  observation,  but  remained 
significantly  different  (p<0,05)  from  the  levels  in  the  saline  treated  group  for  the  remainder  of 
the  experiment.  However,  the  rCBF  in  the  METH  treated  group  did  not  decrease  to  a  level  less 
than  the  pre-irradiation  level  until  after  the  40-min  post-irradiation  observation  and  was 
significantly  different  (p<0.01)  from  the  levels  in  the  saline  treated  group  during  this  time. 


DISCUSSION 


The  initial  precipitous  decline  in  post-irradiation  MBP  and  rCBF  reported  here  has  been 
well  documented  in  other  studies  of  the  rhesus  monkey^  '^’^’^’^^^  The  immediate  post-irradiation 
decrease  in  rCBF  is  usually  associated  with  the  decline  in  the  MBP  since  it  is  thought  that  a 
critical  MBP  of  50%  to  60%  of  normal  is  necessary  in  primates  for  adequate  autoregulation  of 
cerebral  circulation^^ 

The  inability  of  DSCG  to  alter  significantly  the  post-irradiation  hypotension  when  given 
alone  corroborates  a  previous  report"^^  in  which  there  was  not  a  significant  difference  between  the 
post-irradiation  MBP  of  DSCG-treated  monkeys  and  the  post-irradiation  MBP  of  saline-treated 
monkeys.  However,  in  contrast  to  the  previous  report,  this  study  does  not  show  a  statistically 
significant  difference  in  post-irradiation  rCBF  between  the  DSCG-treated  group  of  monkeys  and 
the  saline-treated  group  of  animals.  The  only  treatment  difference  between  the  previous  report 
and  this  report  was  the  level  of  irradiation.  Monkeys  in  the  previous  experiment  were  exposed  to 
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100  Gy,  whole  body,  /  irradiation  while  the  animals  in  this  experiment  were  exposed  to  25  Gy, 
whole  body,  /  irradiation.  This  comparison  may  then  suggest  a  dose  dependent  variation 
resulting  in  a  significant  difference  in  post-irradiation  rCBF  at  a  high  dose  but  not  at  a  relatively 
lower  dose. 

Another  influence  on  the  statistical  significance  of  the  difference  between  rCBF  in  the  saline 
treated  group  and  the  DSCG  group  was  the  number  of  animals  in  the  latter  group.  Since  DSCG 
had  been  successfully  employed  to  alter  post-irradiation  rCBF  in  a  previous  experiment"^^  only 
four  animals  were  assigned  to  the  group  to  be  treated  with  DSCG.  The  inconsistency  of  data 
indicated  by  the  Shapiro- Wilk  test^^\  when  applied  to  these  four  animals,  probably  contributed 
to  the  lack  of  statistical  significance  between  the  saline  treated  group  and  the  DSCG  treated 
group  in  Table  3.  Therefore,  even  though  the  difference  looks  biologically  significant,  it  is  not 
statistically  significant. 

The  regional  brain  concentration  of  biological  mediators  such  as  catecholamines,  histamine, 
serotonin  and  the  eicosanoids  may  be  a  third  factor  playing  an  important  role  in  rCBF  response 
to  irradiation.  For  example,  the  two  regions  selected  for  study  in  the  previous  report"^^  vary 
dramatically  in  mast  cell  and  histamine  content  and  responded  differently  to  irradiation  and  to 
the  administration  of  DSCG.  The  hypothalamus  contains  numerous  mast  cells  and  the  highest 
histamine  concentrations  in  the  brain^^”^'^^  while  the  postcentral  gyrus  is  an  area  with  few  mast 
cells  and  little  histamine^^’^^^ 

The  addition  of  the  Hj  and  H2  receptor  blockers,  mepyramine  and  cimetidine,  in  combina¬ 
tion  with  DSCG,  resulted  in  an  alteration  of  the  post-irradiation  MBP  not  achieved  with  the 
administration  of  DSCG  alone^\  Animals  given  the  mast  cell  stabilizer  DSCG  and  the  antihista¬ 
mines  before  and  after  irradiation  did  not  exhibit  an  abrupt  decline  in  blood  pressure  but 
displayed  a  gradual  decrease  in  MBP  below  pre-irradiation  levels.  Also,  the  treated,  irradiated 
monkeys  displayed  rCBF  values  that  were  not  significantly  different  from  the  non-irradiated 
controls.  Since  post-irradiation  rCBF  and  MBP  were  not  measured  in  primates  given  the 
antihistamines  without  DSCG,  before  and  after  irradiation,  it  was  difficult  to  determine  if  it  was 
the  DSCG  or  the  antihistamines  that  was  responsible  for  the  response. 

Monkeys  given  the  antihistamines  mepyramine  and  cimetidine  before  and  after  irradiation 
in  this  experiment  showed  higher  MBP  and  rCBF  than  those  given  either  saline  or  DSCG.  The 
post-irradiation  mean  rCBF  of  the  antihistamine  treated  group  was  significantly  different 
(p<0.05)  from  that  seen  in  the  saline  treated  group.  Although  the  post-irradiation  MBP  of  the 
antihistamine  treated  monkeys  was  not  statistically  different  from  that  of  the  saline  treated 
monkeys,  the  difference  may  have  been  biologically  significant  because  of  the  effect  hypotension 
may  have  on  cerebral  blood  flow.  Besides  the  potential  for  HA  to  alter  rCBF  through  its 
hypotensive  actions,  HA  is  also  a  direct  acting  cerebral  vasodilator  when  applied  in  vitro  or 
topically^^^  Furthermore,  infusing  HA  into  humans  resulted  in  decreased  MBP  and  altered 
rCBF^^’^^\  However,  in  another  study,  similar  treatment  altered  neither  MBP  nor  rCBF^^\ 
Therefore,  the  net  effect  of  small  concentrations  of  HA  or  rCBF  is  unclear.  In  any  case,  the 
antihistamines  were  more  effective  than  DSCG  in  blocking  the  hypotensive  and  reduced  rCBF 
responses  to  irradiation. 

The  greater  effectiveness  of  the  antihistamines  may  be  due  to  cimetidine,  a  specific 
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histamine  H2  antagonist,  which  blocked  the  immediate  bradycardia  and  hypotension  caused  by 
intravenous  injection  of  serotonin^®\  Furthermore,  the  hypotensive  effect  of  5-HT  infusion  is 
likely  due  to  an  action  in  the  cell  body  regions  of  the  raphe  nuclei^^\  This  suggests  that  a 
post-irradiation  release  of  serotonin,  and  not  histamine,  may  be  directly  responsible  for  the 
irradiation-induced  decrease  in  rCBF  since  serotonin  is  normally  released  after  irradiation^’^  "^®^ 
and  causes  contraction  of  vascular  smooth  muscle  by  direct  and  indicrect  actions^^“^^^  Indeed, 
Rioux  et  has  shown  with  the  isolated,  neurotensin-perfused  head  of  the  rat  that  it  is  not  the 
release  of  histamine  that  may  be  responsible  for  a  decreased  rCBF,  but  the  release  of  serotonin. 
This  agrees  with  an  earlier  report  by  Edvinsson  and  Owman"^^^  that  serotonin  is  the  most  efficient 
vasoconstrictor  agent  for  human  pial  arteries  with  its  effect  inhibited  by  the  serotonin  antagonist, 
methysergide. 

In  this  experiment  MBP  followed  a  triphasic  pattern  consisting  of  an  initial  reflex 
hypotension,  a  secondary  pressor  response  and  a  delayed  hypotension  in  all  four  groups  of 
monkeys  (Figure  1,  Table  2).  However,  the  post-irradiation  hypotension  was  altered  significantly 
(p<0.05)  with  the  administration  of  methysergide  (METH).  A  possible  explanation  for  the 
action  of  METH  is  that  it  is  a  selective  5-HT2  antagonist"^^^  and  5-HT  is  implicated  in  coronary 
artery  constriction  and  reduced  coronary  blood  flow^^\  This  could  contribute  to  irradiation- 
induced  cardiovascular  dysfunction'^^^  resulting  in  a  decreased  cardiac  output  and  post-irradiation 
hypotension.  However,  Freed  et  concluded  that  it  is  brain  serotonin  rather  than  serotonin  in 
heart  or  other  peripheral  tissues  which  causes  the  hypotension. 

The  serotonin  antagonist,  methysergide,  was  the  most  effective  agent  used  in  this  study  to 
block  the  irradiation-induced  decrease  in  rCBF  (Figure  2,  Table  3).  Hippocampal  blood  flow  in 
the  METH  treated  monkeys  actually  increased  above  the  pre-irradiation  mean  for  40  min 
post-irradiation  and  was  significantly  different  (p<0.01)  from  the  rCBF  in  the  saline  treated 
group  for  that  time.  For  the  last  20  min  of  the  measurements,  the  rCBF  of  the  METH  treated 
animals  remained  significantly  different  (p<0.05)  from  the  rCBF  of  the  saline  treated  group, 
although  falling  slightly  below  the  pre-irradiation  level.  These  results  are  consistent  with  a 
cerebrovascular  vasoconstrictor  role  for  serotonin  and  suggest  serotonin  involvement  in  the 
irradiation-induced  decrease  in  rCBF. 

Serotonin  has  a  complex  action  in  the  cerebrovasculature,  causing  contraction  or  relaxation 
depending  on  the  species  involved,  the  cellular  structure  first  encountered  and  the  type  of  5-HT 
receptors  present Serotonin  receptors  may  be  subdivided  into  at  least  six  subtypes 
called  5-HTia,  5-HTib,  5-HTic,  5-HTid,  5-HT2  and  Vascular  constriction  is  mediated 

primarily  through  the  5-HT2  receptors  with  some  5-HTi  involvement'^^^  5-HTi  receptors  are 
involved  primarily  with  arteriolar  dilatation.  Other  proposed  functional  correlates  of  5-HTi 
receptor  subtypes  are  dorsal  raphe  cell  and  CAl  hippocampal  cell  inhibition,  thermoregulation, 
and  hypotensive  effects'^^^ 

Emesis  is  a  common  symptom  of  the  early  prodromal  phase  of  radiation  sickness  in 
humans"^^^  and  the  ferret  has  proven  an  excellent  small  animal  model  for  the  study  of  irradiation- 
induced  emesis'^^  '^^^  The  area  postrema  has  been  implicated  in  irradiation-induced  emesis"^^^  and 
specific  5-HT3  binding  sites  have  been  shown  in  the  brains  of  several  species,  including  humans 
and  ferrets^®\  The  use  of  5-HT3  receptor  antagonists  such  as  ondansetron,  granisetron,  zacop- 
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ride  and  Y-25130  in  controlling  irradiation-induced  emesis^^"^^^  further  strengthened  the  rela¬ 
tionship  between  5-HT  and  some  of  the  pathophysiological  results  of  irradiation. 

In  contrast  to  the  subtypes  of  the  5-HTi  and  5HT3  sites,  5HT2  sites  are  quite 
homogeneous'^^^  The  highest  concentration  of  5-HT2  binding  sites  in  the  brain  are  in  the  caudate 
and  layer  IV  of  the  cerebral  cortex  where  the  application  of  5-HT  caused  a  slow  depolarization 
of  cortical  neurons,  resulting  in  decreased  conductance.  Proposed  functional  correlates  of  5-HT2 
receptor  subtypes  include  contraction  of  vascular  smooth  muscle,  contraction  of  bronchial 
smooth  muscle,  head  twitches  seizuers  and  edema.  Infusion  of  5-HT  produced  brain  edema, 
increasd  blood-brain  barrier  permeability  and  decreased  rCBF,  all  of  which  can  be  prevented 
with  a  5-HT2  receptor  antagonist^^’^^^ 

Serotonin  also  may  be  associated  with  impairment  of  CBF  autoregulation  as  shown  with 
renal  autoregulation  in  the  low  pressure  range^^\  In  fact,  no  correlation  was  seen  between  MBP 
and  CBF  as  demonstrated  by  red  cell  velocity  after  intracarotid  injection  of  5-HT  even  though 
correlation  existed  between  MBP  and  CBF  following  arterial  blood  withdrawal^^\  However, 
following  exposure  to  moderate  irradiation  (4  Gy)  with  ^^^Cs,  ferrests  showed  no  significant 
change  in  MBP  but  a  general  reduction  of  rCBF  ranging  from  7  to  33%^^^  Certainly,  the 
involvement  of  5-HT  in  autoregulation  of  CBF  following  irradiation  is  still  a  matter  of  discussion 
requiring  further  investigation. 

Many  of  the  sequelae  of  5-HT  adminstration  are  similar  to  the  results  of  irradiation^~^^\ 
notably  hypotension,  emesis,  brain  edema,  altered  blood-brain  barrier  permeability  and  a 
marked  reduction  in  rCBF  as  well  as  total  CBF.  As  noted  before,  some  of  these  can  be 
prevented  with  the  proper  selective  5-HT  receptor  antagonist.  Irradiation-induced  emesis  can 
also  be  altered  with  the  proper  5-HT3  receptor  antagonist.  This  study  reports  the  amelioration  of 
irradiation-induced  hypotension  and  diminished  rCBF  in  the  hippocampus  with  the  5-HT2 
receptor  antagonist,  methysergide  and  the  greater  effectiveness  of  methysergide  compared  to  the 
antihistamines  mepyramine  and  cimetidine,  and  the  mast  cell  stabilizer,  disodium  cromoglycate, 
in  this  action.  We  believe  that  these  results,  although  not  conclusive,  support  the  hypothesis  that 
irradiation-induced  diminished  hippocampal  blood  flow  and,  to  some  extent,  post-irradiation 
hypotension  is  mediated  by  5-HT  through  5-HT2  receptor  sites. 

The  phenomenon  of  CNS  radiation  abnormalities  and  damage  that  are  not  associated  with 
the  tumor  under  treatment  but  occur  with  the  radiotherapy  has  been  well  documented  but 
remains  poorly  understood^^“^^^.  Necrosis  in  the  tissue  surrounding  the  tumor  may  be  secondary 
to  radiation-induced  edema  and  ischemia  and  the  cerebrovasculature  of  the  normal  parenchyma 
may  be  more  sensitive  to  the  effects  of  cranial  irradiation  than  that  found  in  the  tumor^^’^^^ 
There  is  now  increased  interest  in  the  possible  use  of  agents  which  might  limit  irradiation- 
induced  changes  in  cerebral  blood  flow  and  the  extent  of  tissue  injury^^’^^^  We  suggest  that  the 
use  of  a  5-HT2  receptor  antagonist  will  not  only  diminish  the  irradiation-induced  alteration  in 
cerebral  blood  flow,  thereby  ameliorating  the  associatied  pathologic  changes  in  tissue  surround¬ 
ing  the  tumor,  but  also  may  improve  the  blood  flow  in  tumors  under  radiotherapy  and  alter  the 
response  of  the  radioresistant  hypoxic  cells  that  have  been  shown  to  occur  in  nearly  all  animal 
tumors  and  may  exist  in  some  human  cancers^^’^^\ 

These  results  and  conclusions  were  communicated  in  part  at  the  Cerebral  Hypoxia  and 
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Stroke  Symposium,  Budapest,  Hungary,  August  22-24,  1987^'^  and  at  the  NATO  Adavanced 
Study  Institute  on  Terrestrial  Space  Radiation  and  It’s  Biological  Effects,  Corfu,  Greece, 
October  11-25, 
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Summary 

The  performance  characteristics  of  two  sets  of  triple-band 
epifluorescence  filters  have  been  evaluated  for  use  with 
digitally  enhanced  fluorescence  microscopy.  Use  of  such 
filters,  at  most,  requires  movement  of  the  excitation  filter, 
while  the  dichroic  and  emission  filters  remain  fixed, 
allowing  multi-wavelength  imaging  to  be  performed  on 
standard  microscopes.  The  dyes  appropriate  for  use  with 
these  particular  filters  include  Texas  Red  (TR),  Bodipy  (BD), 
FITC  and  Cascade  Blue  (CB),  four  fluorophores  now 
commonly  conjugated  to  both  immunochemical  probes 
and  other  proteins  and  lipids  of  biological  interest.  Good 
spectral  separation  existed  for  most  experimental  conditions 
allowing  accurate  localization  of  the  different  fluorophores 
during  multi-wavelength  imaging.  Anomalous  responses 
w^ere  observed  during  near-UV  excitation  at  high  concen¬ 
tration  for  some  dyes.  Scanning  spectrofluorometry  demon¬ 
strated  that  concentration-dependent  spectral  shifts 
occurred,  resulting  in  large  increases  in  near-UV  absorb¬ 
ance.  Despite  the  complexity  of  concentration  and  dye- 
interaction  efi'ects,  quantitative  measurements  of  dye 
concentration  could  be  made,  even  in  regions  of  multiple 
dye  co-localization.  Therefore,  multi-band  pass  filters  are  an 
additional  valuable  approach  for  performing  quantitative 
fluorescence  microscopic  imaging. 

Introduction 

There  is  considerable  interest  in  simultaneously  labelling 
live  cells  and  fixed  specimens  with  multiple  fluorescent 
probes  to  examine  a  wide  range  of  questions  in  cell  and 
molecular  biology.  Combined  with  use  of  quantitative 
fluorescence  microscopy  methods,  potentially  the  amount, 
location  and/or  co-localization  of  the  probe  molecules 
within  cells  or  tissues  can  be  accurately  determined 
providing  subcellular  spatial  maps  of  cellular  function.  An 
exhaustive  listing  of  the  utility  of  this  approach  is  beyond 


the  scope  of  this  paper.  Examples  of  important  current  uses 
of  multi-wavelength  fluorescence  imaging  includes  simul¬ 
taneous  pH  and  intracellular  calcium  measurements 
(Morris,  1990,  1993),  fluorescence  in  situ  hybridization 
(FISH)  (Nederlof  et  al,  1989),  characterization  of  mass  flow 
during  endocytosis  (Dunn  &  Maxfield,  1990),  mechanisms 
of  cell  damage  (Lemasters  et  al,  1990)  and  correlation  of 
cytoskeletal  elements  with  other  cell  structures  (DeBiasio  et 
al,  1987:  Waggoner  et  al,  1989)  as  well  as  a  myriad  of 
studies  using  immunochemical  staining  to  demonstrate  the 
subcellular  distributions  of  structural  proteins  and  enzymes. 
General  information  on  the  best  ways  to  implement  these 
micro-spectroscopic  approaches  continues  to  be  the  subject 
of  excellent  reviews  and  books,  which  are  frequently 
updated  due  to  the  rapid  changes  in  the  technologies 
underlying  this  instrumentation,  such  as  dye  chemistry, 
optics,  electronics  and  computer  science  (for  reviews  see 
Herman  &  Jacobson,  1989;  Waggoner  et  al,  1989;  Foskett 
&  Grinstein,  1990;  Bright,  1993b). 

It  is  recognized  that  a  very  important  aspect  of  digitally 
enhanced  quantitative  video  fluorescence  microscopy  is  the 
means  for  wavelength  selection  of  both  the  excitation  and 
the  emission  light.  Important  issues  include  wavelength 
availability,  bandpass  width,  spectral  purity,  selection  speed 
and  energy  throughput  (Bright,  1993b),  Although  a 
variety  of  sophisticated  electro-optic  systems  are  now 
available  (see  reviews),  use  of  interference  and/or  absorb¬ 
ance  filters  and  dichroic  mirrors  is  still  probably  the  most 
widely  used  approach  at  present,  being  the  least  costly 
method  for  wavelength  selection  in  microscopy.  These 
optical  elements  are  generally  not  completely  dispensed 
with  even  in  instruments  that  incorporate  other  optical  or 
electro-optical  wavelength  selection,  such  as  confocal 
microscopes,  but  continue  to  be  an  integral  part  of  such 
systems.  Particularly  for  standard  wide-field  microscopes, 
the  usual  approach  is  to  have  individual  filter  sets 
consisting  of  excitation  and  emission  band-pass  filters  and 
dichroic  mirrors,  each  set  being  optimized  for  one  dye. 
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Mechanical  devices,  such  as  filter  wheels  and  motorized 
dichroic  mirror  sliders,  are  used  to  switch  between  the 
different  filter  sets.  This  approach  has  the  advantage  of  high 
transmittance  with  generally  low  ‘cross-talk’  between  dyes, 
but  switching  can  be  slow  and  movement  of  optical 
elements  can  lead  to  misregistration  of  the  multi-wave- 
length  image  data.  Automatic  devices  to  move  dichroic 
mirrors  and  emission  filters  requires  either  purchase  of  the 
most  expensive  motorized  research-grade  microscopes  or 
extensive  modifications  of  more  typically  configured 
instruments, 

A  relatively  new  aspect  of  interference  filter  technology 
for  biomedical  microscopy  is  the  availability  of  band-pass 
filters  and  dichroic  mirrors  with  multiple  band-pass  regions. 
Epifluorescence  filter  sets  capable  of  simultaneous  or 
sequential  excitation  and  emission  for  two,  three  and  even 
four  different  spectral  regions  are  now  available  from 
several  vendors.  With  these  filters  either  no  optical 
elements  (simultaneous  multi-wavelength  viewing)  or 
only  the  excitation  filters  (sequential  viewing)  need  be 
moved.  As  the  mechanical  switching  components  are 
simplified,  instrument  speed  and  reliability  can  increase, 
sources  of  vibration  are  minimized,  image  registration  is 
virtually  assured  and  total  instrumentation  costs  can  be 
reduced.  Potential  remaining  problems  are  (a)  reduced 
signal  due  to  narrower  band-pass  regions  and  lower 
transmittance  and  (b)  increased  signal  ‘cross-talk’,  e.g.  the 
appearance  in  the  image  of  emissions  of  one  dye  during 
excitation  of  a  second  dye. 

Despite  the  availability  of  these  filters  and  the  interest  in 
multispectral  imaging  there  have  been  few  reports  evaluat¬ 
ing  the  quantitative  multi-wavelength  performance  of 
epifluorescence  systems  or  of  the  new  multi-band  pass 
filters.  The  most  extensive  available  reports  examining 
quantitative  and  qualitative  performance  of  system  com¬ 
ponents  have  been  relative  to  multi-wavelength  imaging 
using  confocal  microscopy  (Brelji  et  al,  1993;  Mossberg  & 
Ericsson,  1990;  Carlsson  &  Mossberg,  1992;  Entwistle  & 
Noble,  1992).  This  study  presents  data  to  evaluate  the 
quantitative  characteristics  of  two  commercially  available 
triple-band  filter  sets  used  for  low-light-level  epifluorescence 
video  microscopy  quantification  of  Cascade  Blue  (CB), 
Bodipy  (BD)  and  Texas  Red  (TR).  An  additional  goal  of 
this  report  is  to  present  an  experimental  methodology, 
which  should  be  useful  for  evaluation  of  other  filter-dye 
combinations.  Some  of  the  results  have  appeared  previously 
in  abstract  form  (Lowy,  1993). 

Methods 

Dye  selection 

The  dyes  were  selected  in  part  because  of  future 
experimental  needs  and  because  these  dyes  are  currently 


some  of  the  most  widely  used  to  label  immuochemical 
probes  (Igs),  proteins  and  lipids  of  biological  interest.  Many 
of  these  biological  molecules  are  now  available  labelled  with 
several  of  these  dyes,  allowing  experiments  using  various 
combinations  of  these  and  other  fluorescence  probes  to 
examine  complex  biological  interactions  of  multiple 
molecular  components.  The  form  of  the  dyes  to  be  used 
was  carefully  considered,  particularly  as  it  is  well  known 
that  dye  environment  can  have  a  large  effect  on  both  the 
magnitude  of  the  excitation  and  the  emission  spectra  and 
their  shape  (Lakowicz,  1983).  Therefore,  forms  of  the  dyes 
which  required  either  non-biological  solvents  or  detergents 
were  rejected  in  favour  of  forms  which  would  be  soluble  in 
normal  physiological  saline.  Protein  conjugates  were  the 
only  available  forms  of  the  dyes  which  fulfilled  this  solubility 
criterion  for  all  the  fluorophores  of  interest.  However, 
conjugation  can  alter  dye  characteristics  either  directly  or 
by  other  protein-molecular  interactions.  Manufacturer’s 
data  suggested  that  there  was  little  spectral  alteration  due 
to  linkage,  which  was  confirmed  for  low  dye  concentrations 
(see  below).  Because  of  the  potential  for  intramolecular 
interactions,  dye-protein  conjugates  were  considered  to  be 
more  informative  than  free  dyes  as  many  actual  biological 
probes  are  proteins.  BSA  (bovine  serum  albumin)  con¬ 
jugates,  when  these  studies  were  conducted,  were  the  only 
ones  available  for  all  four  dyes.  BSA  remains  one  of  the  least 
expensive,  most  readily  available  and  most  diversely 
labelled  dye-protein  conjugate.  To  minimize  any  dye- 
protein  effects  vs.  dye  interactions,  solutions  were  made 
with  a  total  BSA  concentration  of  5  mg/ml,  except  a  few 
samples  in  which  concentrations  were  10  mg/ml. 

Dye  solutions 

Solutions  of  BSA  conjugated  with  CB,  BD  or  TR  (Molecular 
Probes,  Eugene,  OR,  U.S.A.)  were  prepared  as  10  mg/ml 
stock  solutions  in  Hanks  Basic  Saline  (HBS),  pH  7-4.  Dyes 
were  diluted  in  HBS  to  the  desired  dye  concentration 
keeping  the  protein  concentration  constant  at  5  mg/mi  BSA 
by  the  addition  of  unlabelled  protein.  The  dye  concentra¬ 
tions  are  expressed  as  mg/ml  of  dye-conjugated  BSA;  the 
molar  concentrations  of  dye  vary  by  a  factor  of  approxi¬ 
mately  3  as  the  dye/BSA  molar  ratios  reported  by  the 
manufacturer  for  the  various  dyes  are  2-2  for  TR,  5-4  for 
BD,  5-7  for  FITC  and  5-5  for  CB 

Microscopy 

Small  aliquots  of  dyes  were  placed  in  a  Dvorak  chamber 
with  spacers  and  double  coverslips  such  that  the  dye  drop 
formed  a  small  column  200  pm  high,  thus  providing  a 
constant  dye  pathlength  for  all  samples.  A  Nikon  40 x  1*3- 
NA  high-UV  transmittance  lens  was  focused  such  that  an 
image  of  the  epifluorescence  field  diaphragm  was  formed. 
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Emission  light  was  detected  using  a  KRS  1381  image 
intensifier  (Videoscope  International,  Dulles,  VA,  U.S.A.) 
optically  coupled  to  a  Dage  72  C  charge  coupled  device 
(CCD)  (Dage,  Michigan  City,  IN,  U.S.A.).  Images  were 
captured  by  an  image  processing  system  with  64  frames  of 
integration  and  the  intensity  measured  at  the  same  central 
location  for  all  samples. 

Spectroscopy 

Spectra  were  obtained  using  an  SLM  8000  (Urbana,  IL, 

U.S.A.)  scanning  spectrofluorimeter.  Slit  widths,  of  4  or  8 
nm,  PMT  voltages  and  gain  settings  were  identical  for 
excitation  and  emission  spectra  obtained  for  the  individual 
dyes. 

Dye  quantification 

The  image  processing  system  uses  8-bit  data  (256  grey 

levels)  and  the  region  of  interest  consisted  of  approximately 

2000  pixels.  Camera  system  gain  settings  were  held 

relatively  constant  and  all  acquisitions  were  within  the 

linear  portion  of  the  camera  response  curves.  These 

measurement  conditions  have  been  shown  to  give  accurate 

photometric  measurements  (Spring  &  Lowy,  1989).  The  dye 

intensity  was  measured  in  grey  levels,  but  to  normalize  the 

data  for  differing  intensifier  gain  settings  appropriate  factors 

were  applied  to  express  the  data  at  maximum  gain  and 

without  neutral  density  filters.  Cross-talk  was  determined 

by  measuring  the  emission  for  each  dye  singly  at  all  the 

available  excitation  wavelengths  (360,  490,  560  nm)  with 

values  obtained  at  the  dye’s  excitation  maximum  set  to 

100%.  For  example,  the  Texas  Red  cross-talk  into  Cascade  c 

co 

Blue  would  be  calculated  as:  percentage  cross-talk  at  360 
nm  =  (Texas  Red  emission  at  3  60  nm  excitation/Texas  Red  | 
emission  at  560  nm  excitation  maximum)  x  100%.  The 
multi-dye  experiments  were  performed  by  measuring  the 
emission  from  solutions  of  each  dye  singly  and  then  dye 
mixtures  of  two  or  three  dyes  together  at  all  three  excitation 
wavelengths  in  succession.  The  cross-talk  corrections  were 
applied  where  relevant.  The  resulting  value  was  then 
compared  as  a  percentage  of  the  single  dye,  with  100% 
being  the  target  value. 

Filters 

The  filter  sets  had  excitation  and  emission  band-pass 
regions  corresponding  to  the  reported  maximum  for 
Cascade  Blue  (376,  399ex/423em),  Bodipy  (505-510ex/ 

520em)  and  Texas  Red  (596ex/615em)  (Haugland,  1992). 

One  set  was  commercially  available  (‘Chroma  82000’)  and 
was  originally  produced  for  FISH  studies  and  therefore  had 
not  been  optimized  for  these  dyes,  but  had  band-pass 
regions  which  nearly  matched  (Fig.  1).  The  second  set, 


85000,  based  on  preliminary  results  with  the  82000  set, 
was  produced  to  match  the  dye’s  spectra  better,  particularly 
Cascade  Blue.  Both  sets  were  designed  and  manufactured  by 
Chroma  Technology,  Inc.,  Brattleboro,  VT,  U.S.A. 

Results 

Filters 

Figure  1  shows  the  manufacturer’s  data  for  the  trans¬ 
mission  characteristics  of  the  two  filter  sets,  which  have 
been  verified  by  spectroscopic  scanning  of  selected  filters. 
Both  filter  sets  have  relatively  high  transmittance  values  for 
both  excitation  and  emission  wavelengths  as  the  70-80% 
values  are  comparable  to  those  reported  for  single  dye 
epifluorescence  filters.  As  discussed  below,  in  reference  to 
Figs.  4  and  5,  the  band-pass  regions  correspond  well  to  the 
generally  reported  peak  absorption  and  emission  regions  of 
these  dyes.  Therefore,  the  limitation  on  energy  throughput 
for  any  given  band  region  is  the  necessary  narrowing  to 
minimize  spectral  overlaps.  The  85000  set  was  expected  to 
perform  better  with  all  the  dyes,  as  the  triple-band  emission 
filter  had  broader  band-pass  regions,  but  particularly  with 


Wavelength  (nm) 


Fig.  1.  Spectra  of  optical  transmission  vs.  wavelength  for  multi¬ 
band  filters.  (A)  The  85000  filter  indicated  as:  emission  filter  - 
light  solid  line;  dichroic  mirror  -  heavy  solid  line;  excitation 
regions  -  dotted  line.  (B)  The  Chroma  82000  filters  indicated  as: 
emission  filter  -  light  solid  line;  dichroic  mirror  -  heavy  solid 
line;  excitation  regions  -  dotted  line.  Both  filter  sets  have  an 
emission  transmittance  of  75%  or  better,  but  the  85000  set  has 
wider  band-pass  regions  for  all  dyes  of  interest. 
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Cascade  blue,  as  there  was  greatest  increase  in  overlap  with 
the  dichroic  transmission  in  comparison  to  the  82000  set. 
The  ‘cosh  for  these  greater  band  widths  was  that,  at 
present,  only  sequential  excitation  of  the  dyes  was  possible 
using  the  85000  set,  while  for  the  82000  set  a  triple-band 
excitation  filter  is  available,  as  well  as  the  individual 
excitation  filters. 


Detection  limits  and  concentration  linearity 

Figure  2  shows  the  fluorescence  emission  levels  vs. 
concentration  for  each  dye  using  both  filter  sets.  Data  are 
plotted  as  log-log  to  allow  the  full  range  of  values  to  be 
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Fig.  2.  Single  dye  emission  vs.  dye  concentration.  The  emission 
intensity  for  TR,  BD.  FITC  and  CB  were  measured  using  both 
filter  sets  for  concentrations  of  dye-BSA  between  1  /xg/ml  and 
]  0  mg/mi.  Note  the  log-log  scale.  In  most  cases  the  relationship  is 
linear  over  the  majority  of  the  concentration  range.  Detection 
limits  are  generally  1-10  /ig/ml  of  dye. 


displayed  on  a  single  plot.  Values  over  limited  ranges  of 
response  were  examined  and  in  general  these  relationships 
were  linear  over  concentration  differences  of  1000-fold, 
especially  between  1  yg/ml  and  1  mg/ml.  For  the  higher 
concentrations  the  dyes  differed  as  TR,  continuing  to  show 
similar  proportional  increases  in  emission,  but  the  lines 
showed  some  flattening  for  CB  and  FITC.  Bodipy  had  a  non¬ 
linear  response  over  most  concentration  ranges  and  at 
higher  concentrations  showed  little  additional  increase  in 
fluorescence  emission.  The  data  shown  are  representative 
but  several  sets  of  dilutions  were  tested  with  the  same 
result.  The  fluorescence  with  the  85000  filters  was 
consistently  higher  than  with  the  82000  filters  as  expected 
due  to  greater  bandwidths,  with  the  greatest  difference 
occurring  at  low  CB  concentrations  where  a  5-1 0-fold 
difference  was  observed  (note  log  scale).  The  detection  limits 
for  the  dyes  were  between  0-5  and  1  yg/m\,  as  the 
fluorescence  intensity  units  scale  of  approximately  5-10 
corresponds  to  the  absolute  detection  limit  of  the  low-light- 
level  camera  system  wdth  values  of  10-50  probably  being  a 
more  realistic  practical  limit  with  cells  due  to  the  increased 
signal-to-noise  ratio.  As  the  pathlength  was  200  ^m,  the 
actual  dye  concentration  limits  for  a  volume  staining  of 
most  cells  would  be  20-40-fold  higher,  i.e.  10-40  yg/ml 


Cross-contamination  of  dye  signals  -  single  dye  test 

Figure  3  shows  the  cross-over  values  for  each  dye  at 
varying  dye  concentrations  for  both  filter  sets.  In  each  panel 
the  results  for  the  two  excitation  wavelengths  which  are  not 
optimal  for  the  particular  dye  are  shown;  the  value  for 
optimal  excitation  wavelength  is  always  100%  (see 
Methods).  Another  way  of  considering  these  cross-over 
coefficients  is  that  they  are  the  percentage  of  the  maximum 
emission  of  the  second  dye  which  will  be  contaminating  the 
dye  of  interest.  In  most  cases  the  values  are  less  than  10% 
and  in  many  instances  5%  or  less,  regardless  of  dye 
concentration  or  the  filter  set.  These  results  suggest  that 
for  most  dye-wavelength  combinations  little  or  no 
correction  need  be  done  for  accurate  assessment  of  either 
the  images  or  the  quantitative  values,  including  areas  of  dye 
co-localization.  The  major  exception  to  this  conclusion  was 
for  BD,  w^hich  shov/ed  considerable  emission  v/hen  excited 
at  360  nm,  the  optimum  wavelength  for  CB.  In  this  case  the 
cross-talk  can  be  very  high,  up  to  40-50%  of  the  emission 
for  490-nm  BD  excitation,  and  shows  a  very  non-linear 
concentration  dependence.  Below  0’5  mg/ml  with  the 
85000  filter  the  percentage  is  just  within  acceptable  limits. 

Cross-contamination  of  dye  signals  -  multi-dye  test 

Table  1  presents  the  results  from  measuring  the  emission 
levels,  using  the  85000  filter  set,  for  samples  prepared 
combining  all  the  dyes  or  combinations  of  two  dyes 
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85000  Filter  82000  Filter 


Dye  Concentration  (mg/m!) 


Fig.  3.  Filter  cross-talk  characteristics  with 
single  dyes.  Cross-talk  for  dye  concentra¬ 
tions  between  1  /^g/ml  and  10  mg/ml 
were  measured  for  both  the  85000  (left 
panels)  and  82000  (right  panels)  filters 
for  TR,  BD,  FITC  and  CB.  Values  for  both 
non-optimum  wavelengths  are  presented 
in  each  panel.  The  values  are  the 
percentage  emission  for  each  dye  that  is 
excited  by  wavelengths  other  than  the 
optimum  for  that  dye  normalized  to  the 
dye's  reported  excitation  maximum.  For 
Texas  Red  the  optimum  excitation  filter 
was  560  nm  and  the  two  non-optimum 
wavelengths  are  360  and  490  nm.  For 
most  dye,  filter  and  wavelength  combi¬ 
nations,  cross-talk  is  less  than  10%  of  the 
maximal  emission  obtained  at  the  dye’s 
excitation  maximum.  BD  and  FITC  at 
360  nm  and  at  high  concentrations 
showed  much  higher  levels. 


together.  As  the  emission  at  each  wavelength  was  expressed 
as  a  percentage  of  the  single  dye  value,  the  expected  value 
in  all  cases  is  100%.  Larger  values  occur  when  more 
emission  light  was  observed  for  a  particular  dye  at  its 
wavelength  excitation  maximum  than  expected,  while  the 
values  of  less  than  100%  indicate  the  converse.  Many 
values  were  close  to  100%  and  most  were  within  20-30% 


of  the  target  value.  The  major  exceptions  were  for  TR  and 
CB  at  low  concentration,  which  had  values  approximately 
60%  higher  than  anticipated. 

Imaging  results 

Figure  4  shows  the  images  of  the  same  group  of  4-9-//m- 


Table  1.  85000  Filter  Set  Characteristics  with  Multiple  Dye  Specimens 


Dye  concentration: 

85000  Filter  Set  Characteristics  with  Multiple  Dye  Specimens 
1*0  mg/ml 

OT  mg/ml 

Dye: 

TR 

BD 

CB 

TR 

BD 

CB 

Dye  combination: 

Emission  detected  as  percentage  of  single  dye  value 

TR  +  BD  +  CD 

95  zb  2 

105  ±6 

108  zb  12 

159±20 

104  ±  7 

163±17 

TR  +  BD 

69  zb  2 

117±8 

100  ±15 

106  ±7 

TR  +  CB 

100  ±3 

109  zb  11 

123  ±15 

107  ±  7 

BD  +  CB 

93  zb  6 

83±  12 

78  ±6 

96  ±6 

TR  —  Texas  Red,  BD  —  Bodipy,  CB  —  Cascade  Blue.  Data  are  mean  ±  SEM  of  six  replicate  determinations. 
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Fig.  4.  Polychromatic  bead  position.  Polychromatic  beads  (4*9-/im  diameter,  Polyscience,  Warrenton,  PA,  U.S.A)  were  mounted  in  glycerol 
and  allowed  to  settle  on  a  slide  which  was  left  undisturbed  for  15  min  on  the  microscope  stage.  Sequential  images  using  the  85000  filter  set 
were  acquired  for  each  excitation  wavelength  (A,  560  nm;  B,  490  nm;  C.  360  nm).  The  edges  of  the  photographs  are  the  actual  edges  of  the 
image  processor’s  display  area.  The  beads  show  no  shifts  in  position,  an  important  requirement  for  multiple-wavelength  image  analysis  of 
probe  localization.  Scale  bar  =  20  /im. 


diameter  polychromatic  beads  excited  at  each  of  the  three 
wavelengths.  The  positions  show  no  apparent  change,  as 
expected,  even  when  examined  with  further  digital 
enlargement  (data  not  shown). 

Figure  5  illustrates  the  use  of  these  filters  for  mapping  the 
distribution  of  two  similar  intracellular  markers  either 
singly  or  simultaneously.  J774  cells  were  pulse-chased 
(60/60  min)  with  only  Texas-Red-labelled  dextran  (TR-Dex; 
Fig.  5A,B),  FITC-labelled  dextran  (FITC-Dex;  Fig.  5C,D)  or 
first  with  TR-Dex  followed  by  a  second  pulse  chase  with 
FITC-Dex.  Cells  were  examined  using  all  three  excitation 
wavelengths.  The  labelling  was  a  typical  late  endosomal 
and  lysosomal  labelling  pattern,  including  bright  peri¬ 
nuclear  compartments,  as  expected  from  this  pulse-chase 
protocol.  Consistent  with  the  dye  cross-talk  data  (Fig.  3),  no 
cell  images  were  observed  at  360  nm  excitation  (data  not 
shown)  nor  for  single-dye-labelled  cells  at  the  non-optimal 
excitation  wavelengths  (Fig.  5B,C).  Images  of  double- 
labelled  cells  allowed  identification  of  compartments 
containing  both  dyes  (the  majority)  as  well  as  clear 
distinction  of  those  containing  a  single  dye.  This  identifica¬ 
tion  of  double-  and  singly  labelled  endosomes  or  differential 
levels  of  labelling  could  be  made  despite  the  close  proximity 
of  vesicles  of  a  different  type  or  varying  levels  of  background 
for  the  two  excitation  wavelengths.  This  was  not  surprising, 
as  the  cross-talk  values  for  TR  and  FITC  m^ere  5%  and  less 
than  1%,  respectively  (Fig.  3). 

The  band-pass  regions  for  the  85000  filter  includes 
spectral  regions  which  potentially  can  be  used  for  other 
commonly  used  dyes,  especially  as  it  is  similar  to  the  82000 
filter,  which  was  designed  for  FISH  studies.  Figure  6  shows 
the  result  of  imaging  a  chromosome  spread  double-labelled 
vrith  DAPI  and  a  Texas-Red-labelled  antibody  to  the 
chromosome’s  centromere.  Clear  DAPI-stained  images  of 
the  spread  chromosomes  are  observed  by  excitation  with 
the  CB  filter,  while  switching  to  TR  excitation  allows 


visualization  of  the  centromeres,  with  no  interference  from 
the  chromosome  images.  The  quality  of  the  spectral 
separation  can  also  be  seen  with  the  intraphase  nuclei, 
which  appear  as  bright,  diffuse  DAPI  staining,  but  the 
centromeres  are  clearly  visible  with  560-nm  excitation. 
Results  with  the  82000  filter  designed  for  this  application 
were  similar,  but  the  intensity  values  were  4-5  times 
dimmer  (data  not  shown). 

Fluorescence  spectroscopy  of  the  dyes 

The  quantitative  results  in  Figs.  2  and  3  and  Table  1 
suggested  that  there  are  problems  in  using  BD,  as  the 
concentration  response,  cross-over  values  and  the  multi-dye 
sample  percentages  were  particularly  anomalous  when  this 
dye  was  present.  As  in  several  cases  these  results  showed  a 
concentration  dependence,  spectral  scans  of  both  the 
excitation  and  emission  spectra  were  done  for  BD,  CB  and 
TR.  It  is  well  known  that  concentration,  like  many  other 
physical-chemical  parameters  in  the  dye’s  local  environ¬ 
ment,  can  affect  the  intensity  and  shape  of  the  spectra. 
Figures  7  and  8  show  the  excitation  and  emission  spectra, 
respectively,  for  the  three  dyes,  and  the  three  appropriate 
band-pass  regions  corresponding  to  the  half-maximum  of 
the  85000  filter  set.  At  low  concentration  both  the 
excitation  and  the  emission  spectra  correspond  well  to 
those  previously  reported  for  these  dyes  (Mossberg  & 
Ericsson,  1990;  Haugland,  1992;  Bright,  1993b).  How¬ 
ever,  for  all  three  dyes  there  is  a  concentration-dependent 
shape  change  in  the  excitation  spectra  resulting  in  a  blue 
shift.  This  shift  for  BD  and  TR  is  particularly  significant  as  it 
results  in  a  large  increase  in  the  relative  amount  of 
absorption  in  the  300-400-nm  region  relative  to  the 
normal  position  of  the  absorption  maxima.  Excitation  at 
these  shorter  wavelengths  did  result  in  typical  emission 
spectra  for  all  three  dyes,  as  illustrated  by  the  490-  and 
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Fig.  5.  (A,B)  J 7 74.1  cells,  a  murine  macro¬ 
phage-like  cell  line,  were  pulse-chased  BO¬ 
BO  min  with  TR-Dex  (1  mg/ml,  70  kDa)  to 
label  late  endosomes  and  lysosomes.  (C,D) 
Cells  were  pulse-chased  60-60  min  with 
FITC-Dex  (1  mg/ml,  70  kDa).  (E,F)  Cells 
were  first  pulse-chased  with  TR-Dex  and 
then  with  FITC-Dex.  Cells  were  examined 
using  the  85000  filter  set  with  560-nm 
(A,C,E)  or  with  490-nm  (B,D,F)  excitation 
light.  No  cross-over  images  are  visible  in 
(B)  or  (C).  For  double-labelled  cells  the 
filter  allows  clear  identification  of  endo¬ 
somes  with  double  or  single  labelling 
despite  varying  intensity  levels.  Scale  bar 
=  20  //m. 


360-nm  spectra  for  BD  (Fig.  8;  other  dye  data  not  shown). 
The  concentration  dependence  of  the  emissions  for  any  two 
excitation  wavelengths  was,  of  course,  dependent  on  the 
type  of  spectra  shift  occurring.  For  BD  this  results  in  the 
expected  increasing  relationship  at  360  nm  but  reversal  of 
the  490-nm  values  between  0*05  and  0*5  mg/ml  of  dye. 
Importantly,  these  shifts  explain  the  high  cross-over  results 
at  360  nm  and  high  concentrations  of  BD.  The  calculated 
ratio  is  of  a  decreasing  signal  at  490  nm  combined  with  an 
increasing  one  at  360  nm.  The  spectroscopic  results  suggest 
that  this  ratio  should  actually  be  greater  than  100%, 
However,  even  using  the  high-UV  transmittance  CV  lens 
the  photometrically  measured  amount  of  360-nm  light  is 
approximately  10  times  lower  than  for  490  nm. 

Discussion 

The  results  obtained  by  evaluating  the  triple-band  filters 
show  that  they  can  be  used  for  quantitative  microscopy 
during  multi-spectral  imaging,  in  addition  to  more 


qualitative  applications.  Spectral  purity  is  one  of  the  most 
important  considerations  for  quantitative  multi-wavelength 
imaging,  as  lack  of  wavelength  separation  when  multiple 
fluorophores  are  present  can  make  unequivocal  interpreta¬ 
tion  of  the  images  difficult  or  impossible  and  can  invalidate 
intensity  measurements.  The  contamination  of  rhodamine 
images  with  emission  from  fluorescein  during  dual 
immunochemical  labelling  is  a  common  example.  During 
image  quantification  this  can  result  in  an  incorrectly  higher 
signal  in  regions  where  the  dyes  co-localize  relative  to 
regions  where  a  single  dye  is  present.  Importantly,  this 
study  demonstrates  that  the  cross-talk  is  sufficiently  low,  in 
most  cases,  that  little  or  no  correction  of  images  is  necessary 
for  accurately  interpreting  the  subcellular  position  of  each 
dye’s  localization.  Studies  which  require  absolute  assurance 
that  low  signals  in  a  particular  image  region  are  not  due  to 
low  levels  of  cross-talk  could  readily  be  corrected  using 
techniques  which  are  similar  to  those  approaches  used  in 
fluorescence-activated  cell  sorting  (Loken  et  al,  1977)  and 
have  been  applied  to  dual-wavelength  confocal  microscopy 
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Fig.  6.  Metaphase  chromosome  spreads  of  human  CGLl  ceils  were 
counterstained  with  DAPI.  Centromeric  sequences  were  labelled  by 
in  situ  hybridization  using  a  biotin-labelled  p824  probe  and 
detected  by  avidin-Texas  Red.  Amplification  of  the  Texas  Red  sig¬ 
nal  was  done  by  using  three  cycles.  As  expected,  the  DAPI  can  be 
seen  using  the  Cascade  Blue  excitation  band-pass  regions  and  does 
not  appear  in  the  Texas  Red  image  of  the  centromeres.  Similar 
results  were  obtained  with  the  82000  filter  set,  but  the  image 
intensity  was  2-4  times  dimmer.  Scale  bar  =  20  fj,m. 

(Carlsson  &  Mossberg,  1992)  and  dual  pH  and  calcium 
imaging  (Morris,  1993).  The  cross-talk  percentage  values 
determined  here  are,  like  all  such  values,  system  dependent, 
but  do  provide  a  guide  to  the  likely  magnitude  of  correction 
coefficients  for  several  different  dyes  over  a  wide  range  of 
concentrations.  Furthermore,  these  filters'  transmittance  is 
sufficiently  high  that,  by  using  intensified  camera  systems, 
dye  concentrations  in  the  low  /zg/ml  range  can  be  readily 
detected.  As  expected,  movement  of  the  excitation  filters  did 
not  result  in  detectable  shifts  in  the  apparent  position  of 
objects.  Therefore,  these  new  filters  allow  a  simplification  of 
the  mechanics  and  reduction  in  the  expense  of  microscope 
instrumentation,  while  still  allowing  multi-spectral  quanti¬ 
tative  microscopic  image  analysis. 

An  important  limitation  to  multi-spectral  imaging  may 
not  be  the  ability  to  construct  filters  appropriate  for  a  given 
combination  of  dyes,  but  the  behaviour  of  the  dyes 
themselves.  That  fluorescence  dye  spectral  properties  are 
frequently  greatly  affected  by  the  local  environment  (e.g. 
solution  ionic  composition,  hydrophobicity,  pH  and 
viscosity)  is  a  well  known  phenomenon  (Lakowicz,  1983; 
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Fig.  7.  Excitation  spectra  are  shown  for  Cascade  Blue  (top),  Bodipy 
(middle)  and  Texas  Red  (bottom).  Spectra  for  several  concentra¬ 
tions  of  dye  (0'005-5  mg/ml)  are  shown  and  indicated  by 
numbers  on  spectra  in  mg/ml.  Spectra  were  not  normalized,  but 
obtained  with  identical  instrument  settings.  Emission  wavelengths 
monitored  during  scans  were  417,  515  and  615  nm  for  Cascade 
Blue,  Bodipy  and  Texas  Red,  respectively.  The  shaded  regions 
indicate  the  half-maximum  band  width  for  the  85000  excitation 
filters.  All  three  dyes  show  spectra  shifts  and  shape  changes, 
which  at  the  higher  concentrations  alter  the  amount  of  dye 
absorption  within  the  relevant  excitation  filter  band-pass  region. 

David-Dufilho  et  al,  1988;  Poenie,  1990;  Carlsson  & 
Mossberg,  1992).  In  some  instances  these  properties  can 
be  exploited  to  provide  additional  information,  such  as  ion- 
sensitive  ratiometric  dyes  (Moore  et  al,  1990;  Ryan  et  al, 
1990;  Morris,  1993;  Bright,  1993a),  while,  in  others,  such 
as  the  red  shift  observed  with  intracellular  probes,  these 
changes  become  an  additional  ‘noise'  factor  (Balaban  et  al, 
1986).  Photobleaching  is  another  important  parameter  for 
microscopic  imaging  which  can  alter  the  relative  response 
to  two  different  dyes.  The  simplest  case  is  a  differential  loss 
of  signal  due  to  dye  destruction  (Entwistle  &  Noble,  1992), 
but  spectral  shifts  can  also  occur  (Carlsson  &  Mossberg, 
1992)  or  changes  in  sensitivity  to  the  parameter  of  interest 
(Becker  &  Fay,  1987). 

In  this  study  only  the  effects  of  dye  concentration  have 
been  considered.  The  spectral  scan  results  demonstrate  that, 
at  least  at  high  concentrations  for  these  BSA  conjugates, 
large  changes  in  the  spectroscopic  properties  can  occur, 
shifting  the  dyes  from  one  band-pass  region  to  another. 
These  shifts,  as  well  as  the  flattening  of  the  concentration 
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response  curves,  occurred  at  dye-BSA  conjugate  concen¬ 
trations  above  0-5  mg/ml.  These  effects  are  unlikely  to  be 
due  to  non-specific  dye-unlabelled  BSA  interactions,  as  the 
bulk  BSA  concentration  was  constant  in  all  samples,  but 
probably  reflect  dye-dye  interactions.  The  exact  cause  of 
the  spectral  shifts  is  at  present  unclear.  There  are  few 
reports  on  dye  concentration  effects  on  spectral  shape  or 
wavelength  shifts,  particularly  in  comparison  to  studies  of 
solvent  effects.  The  usual  concern  about  high  dye 
concentrations  is  loss  of  emission  intensity  due  to  inner 
filter  effects,  which  may  also  be  a  factor  in  this  study.  Both 
the  decrease  in  fluorescent  emission  above  5  mg/ml  and  a 
concentration-dependent  increase  in  blue  wavelength 
absorption  have  been  reported  for  FITC,  FITC-Ig  and 
dextran  conjugates  (Schauenstein  et  ah,  1978).  Schauen- 
stein  et  al  (1978)  suggested  that  these  shorter  wavelength 
absorptions  are  due  to  dimeric  forms  of  the  dye.  Despite 
these  changes  occurring  at  concentrations  which  are  high 
for  chemical  spectroscopy,  they  are  likely  to  be  biologically 
relevant.  While  in  many  biological  experiments  fluorophore 
concentrations  are  in  the  /ig/ml  range,  in  some  instances 
these  upper  range  mg/ml  concentrations  are  used,  i.e. 
injection  or  exposure  of  cells  to  volume  markers  such  as 
fluorescent  dextran.  Even  if  initial  levels  are  low,  markers 
are  often  used  to  label  specific  subcellular  compartments, 
e.g.  endosomes,  lysosomes  and  phagosomes,  in  which  the 
marker  concentration  becomes  elevated.  This  generally 
occurs  incidentally,  but  can  be  an  important  aspect  of  the 
probes  utility,  such  as  the  red  eximer  formed  during 
Acridine  orange  staining  (Bank,  1987;  Haugland,  1992). 

The  spectral  shifts  observed  have  important  implications 


Fig.  8.  Emission  spectra  are  shown  for 
Cascade  Blue  (top)  at  360-nm  excitation, 
Bodipy  (middle)  at  490-nm  excitation 
(left)  and  360-nm  excitation  (right)  and 
Texas  Red  (bottom)  at  560-nm  excitation. 
Spectra  for  several  concentrations  of  dye 
(0*005-5  mg/ml)  are  shown  and  indi¬ 
cated  by  numbers  on  spectra.  Spectra  are 
not  normalized  but  obtained  with  identical 
instrument  settings.  The  shaded  regions 
indicate  the  half-maximum  band  width 
for  the  85000  emission  filters.  The  Bodipy 
spectra  show  that  both  490-  and  360-nm 
excitation  give  rise  to  the  same  emission 
centred  near  520  nm,  the  expected  wave¬ 
length  for  this  dye.  The  concentration 
dependence  of  emission  intensity  is 
inverted  at  490-nm  excitation,  which  is 
consistent  with  the  shifts  seen  in  the  excita¬ 
tion  spectra  at  these  dye  concentrations 
(Fig.  7). 

for  the  design  of  both  single  and  multiband-pass  filters.  Re¬ 
examining  the  fluorescence  emission  vs.  concentration  data 
used  to  calculate  the  cross-talk  data  (Fig.  3)  showed  that 
excitation  responses  of  TR,  FITC  and  BD  at  360  nm  were 
also  linear  (data  not  shown).  Therefore,  in  some  circum¬ 
stances  excitation  filters  and  dichroic  mirrors  which  can 
accommodate  the  ‘tails’  on  the  excitation  spectra  could 
provide  increased  levels  of  emission  light,  thus  improving 
sensitivity,  assuming  that  near-UV  excitation  would  not 
damage  the  specimen.  When  designing  the  band-pass 
regions  for  multi-spectral  filters  and  dichroic  mirrors  for 
particularly  rigorous  applications,  it  will  also  be  necessary 
to  consider  these  concentration-dependent  spectral  char¬ 
acteristics,  as  they  can  result  in  decreased  sensitivity  and/or 
increased  cross-talk. 

Immunochemical  localization  is  an  important  category  of 
microscopic  co-localization  using  multi-wavelenth  probes. 
A  calculation  was  performed  to  estimate  the  apparent  dye 
concentration  based  on  the  assumption  of  free  in-plane 
diffusion,  a  10-^m-diameter  cell,  10  000  dye  binding  sites, 
a  1000-mol  wt  dye,  and  a  10-nm-thick  region  surrounding 
the  cell  surface.  This  latter  value  is  based  on  the  relevant 
volume  being  a  spherical  shell  with  a  diameter  of  the  cell 
and  a  thickness  of  the  order  of  2-3  Ig-sized  molecules  thick, 
which  are  thought  to  have  a  size  of  approximately  4  nm 
(Alberts  et  al,  1989).  The  resulting  equivalent  free  solution 
concentration  is  2  /ig/ml.  This  value  can  readily  be 
increased  to  10  /ig/ml  by  assuming  there  are  5  dye 
molecules/Ig.  This  is  near,  but  not  at,  the  lower  limit  at 
which  concentration-dependent  changes  in  emission  level, 
cross-talk  or  spectral  shifts  were  observed.  Therefore, 
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concentration-dependent  spectral  changes,  in  general,  may  be 
less  of  a  problem  for  immunochemical  localization,  but  should 
be  considered  if  either  a  large  number  of  binding  sites  exists 
and/or  are  in  a  highly  compact  region. 

In  regions  in  ^vhich  co-localization  of  two  or  three  dyes 
occurs,  there  are  additional  considerations  in  interpreting 
the  quantitative  image  data.  A  conservative  interpretation 
of  image  intensities  should  take  into  account  the  data  in 
Table  1,  which  suggest  that  emission  from  dyes  in  mixtures 
may  not  occur  in  a  truly  independent  fashion.  Emission 
values  should  probably  differ  by  30-50%  for  dual¬ 
wavelength  imaging  before  concluding  that  there  is  a 
significant  differential  in  the  local  concentration  of  the  two 
probes.  For  the  triple  dye  case  a  value  of  60%,  or  perhaps 
even  a  twofold  difference,  seems  warranted.  This  restriction 
is  not  unusually  severe  in  the  context  of  quantitative 
fluorescence  imaging.  Considerable  important  biological 
information  has  been  obtained  with  similar  constraints 
from  the  ion-sensitive  ratio  dyes,  most  notably  fura-2.  Most 
studies  use  this  dye  to  examine  several-fold  changes  above 
the  resting  cellular  level,  e.g.  changes  from  100  to  300-1000 
ELM,  and  changes  of  20-50%  are  generally  the  smallest  which 
can  be  unequivocally  demonstrated  accurately  (Moore  et  al, 
1990;  Roe  et  al.,  1990;  Ryan  et  al,  1990). 

In  one  sense  it  is  surprising  that  the  emission  values  as 
measured  in  the  mixtures  were  not  more  different  from  the 
single  dye  solutions.  The  potential  complexities  of  interfilter 
effects,  resonance  energy  transfer  due  to  the  overlapping 
spectral  regions,  dye  and  dye-BSA  interactions  and 
different  degrees  of  concentration-dependent  absorption 
spectra  shape  change  all  probably  contribute  to  altering 
the  emission  magnitude  actually  observed.  Furthermore, 
the  way  and  degree  to  which  such  physical-chemical 
factors  alter  fluorescence,  as  discussed  above,  is  likely  to 
differ  for  CB,  BD  and  TR,  particularly  as  these  are  very 
different  classes  of  organic  molecules.  For  example,  with  all 
dyes  present,  the  emission  light  measured  during  360-nm 
excitation  would  be  expected  to  be  primarily  from  CB,  but 
possibly  with  components  from  TR  and  BD  as  well.  If  we 
consider  only  the  emission  from  TR  at  360  nm,  it  can 
potentially  contain  components  due  to  direct  absorption 
and  resonance  energy  transferred  from  both  CB  and  BD 
directly,  as  well  as  energy  transferred  from  CB  to  BD  and 
finally  to  TR.  The  cross-talk  term  determined  from  360-nm 
excitation  of  TR  alone  would  correct  for  the  first  of  these  TR 
components,  contributing  to  an  observed  CB  emission  value 
but  not  for  the  resonance  effects.  The  importance  of  such 
effects  is  unknown,  and  it  would  require  a  concerted  effort 
to  define  these  exhaustively  for  all  dye  and  dye  concentra¬ 
tion  combinations.  The  data  in  this  study  indicate  that  these 
effects  may  be  large  at  low  dye  concentration  and  low  at 
high  dye  concentration,  as  the  CB  value  was  160  and  109% 
of  the  expected  value  at  0-1  and  1*0  mg/ml,  respectively. 
Nonetheless,  considering  the  complexity  of  the  interactions 


which  could  be  occurring,  it  appears  that  experimentally, 
even  with  co-localization  of  either  two  or  three  dyes, 
reasonably  accurate  estimates  of  dye  amounts  are  possible 
using  multi-spectral  imaging  techniques. 
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Abstract 

To  understand  the  neuropathological  roles  of  free  radicals  we  investigate  their  actions  in  a  model  neuronal  system,  the 
hippocampal  brain  slice.  Free  radicals  can  be  generated  through  a  number  of  methods:  hydrogen  peroxide  to  produce  hydroxyl 
radicals,  dihydroxyfumarate  to  generate  superoxide  and  ionizing  radiation  producing  a  variety  of  radical  species.  We  find  that 
free  radicals  have  a  number  of  profound  effects  in  this  system,  which  can  be  prevented  by  free-radical  scavengers  and 
antioxidants.  With  exposure  to  free  radicals,  the  ability  to  generate  spikes  and  synaptic  efficacy  are  impaired.  Decreased  spike 
generating  ability  is  correlated  with  lipid  peroxidation.  No  change  in  membrane  potential,  membrane  resistance,  or  many  of  the 
potassium  currents  can  account  for  the  effect  on  spike  generation.  Protein  oxidation  is  likely  to  underlie  synaptic  damage.  Both 
inhibitory  and  excitatory  synaptic  potentials  are  reduced  by  free-radical  exposure.  Presynaptic  mechanisms  are  implicated.  Lower 
concentrations  of  radicals  prevent  the  maintenance  of  long-term  potentiation,  perhaps  through  oxidation  of  the  NMDA  receptor. 
The  actions  of  the  free  radicals  are  often  reversible  because  of  the  presence  of  repair  mechanisms,  such  as  glutathione,  in 
hippocampal  slices.  The  brain  slice  preparation  has  allowed  us  to  begin  to  understand  the  electrophysiological  and  biochemical 
consequences  of  free-radical  exposure. 

Keywords:  Hippocampal  slice;  Free  radical;  Synaptic  transmission;  Lipid  peroxidation;  Peroxide;  Superoxide;  Hydroxyl  radical 


1.  Introduction 

Oxygen  free  radicals  are  extremely  short-lived  reac¬ 
tive  species  that  are  implicated  in  the  etiology  of  many 
nervous  system  pathologies  such  as  stroke,  Parkinson’s 
disease  and  amyotrophic  lateral  sclerosis.  To  under¬ 
stand  the  neuropathological  roles  of  free  radicals,  it  is 
necessary  to  understand  the  variety  of  physiological 
mechanisms  that  they  can  disrupt.  An  in  vitro  prepara¬ 
tion  offers  many  important  characteristics  that  are  es¬ 
sential  to  this  aim.  An  isolated  neural  preparation 
provides  a  system  in  which  the  radicals  can  be  control- 
lably  generated  through  a  variety  of  methods  and  com¬ 
parisons  of  reactive  oxygen  species  can  be  made  by 
pharmacologically  manipulating  the  neuronal  environ¬ 
ment.  In  addition,  the  complicating  factors  of  alter¬ 
ations  of  blood  flow  and  ischemic  episodes  which  can 
themselves  generate  free  radicals  are  eliminated  in  the 
slice  preparation.  Studies  on  repair  mechanisms  are 
possible  because  of  the  capability  of  chemical  modula- 
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tion  of  the  tissue  in  a  controlled  environment.  Finally 
the  hippocampal  brain  slice  is  an  integrated  neural 
network  with  easily  accessible  circuitry  and  functioning 
glia  and  neurons.  In  this  preparation,  the  many  differ¬ 
ent  cellular  processes  subject  to  free-radical  attack  can 
be  defined.  This  report  summarizes  some  of  our  recent 
findings  characterizing  the  mechanisms  of  free-radical 
damage. 


2.  Methods 

2.7.  Slice  preparation 

The  hippocampus  was  isolated  from  euthanized 
guinea  pigs  and  cut  into  thin  slices  approximately  425 
pm  thick.  Tissue  was  incubated  at  room  temperature 
for  at  least  1  h  in  oxygenated  (with  95%  02/5%  CO2) 
artificial  cerebrospinal  fluid  (ACSF)  with  the  following 
composition:  124  mM  NaCl,  3.0  mM  KCl,  2.4  mM 
CaCl2,  1.3  mM  MgS04,  1.24  mM  KH2PO4,  10  mM 
glucose  and  26  mM  NaHC03.  ACSF  was  made  daily 
and  all  drugs  were  added  immediately  before  use. 
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2.2.  Electrophysiology 

Slices  were  transferred  to  a  submerged-slice  cham¬ 
ber  where  they  were  perfused  at  1-2  ml/min  with 
ACSF  warmed  to  30°C.  A  bipolar  stimulating  electrode 
was  positioned  in  the  stratum  radiatum  of  field  CAl. 
The  afferents  were  activated  with  constant  current 
stimuli  (0.1-1  mA,  200-300  p,s).  Field  potentials  were 
recorded  with  glass  microelectrodes  filled  with  2  M 
NaCl.  One  recording  electrode  was  placed  in  the  stra¬ 
tum  radiatum  to  record  the  afferent  volley  and  the 
population  postsynaptic  potential  (PSP).  A  second 
electrode  was  positioned  in  the  stratum  pyramidale  to 
record  the  population  spike.  Intracellular  recordings 
were  obtained  from  pyramidal  cells  of  field  CAl  with 
sharp  electrodes  (20-40  M/3)  filled  with  either  2  M 
KCl  or  3  M  potassium  acetate.  All  current  clamp  and 
voltage  clamp  recordings  were  made  with  a  single-elec¬ 
trode  recording  amplifier  (Axon  Instruments  or  Dagan) 
with  the  switching  frequency  set  at  4-6  kHz  and  a  25% 
duty  cycle.  The  headstage  was  continually  monitored  to 
ensure  accurate  adjustment  of  the  capacitance  feed¬ 
back  and  to  watch  for  changes  in  electrode  characteris¬ 
tics.  Potentials  were  recorded  with  high-gain  amplifiers 
and  digitized,  stored  and  analyzed  on  a  dedicated 
computer. 

2.3.  Lipid  peroxidation 

Lipid  peroxidation  was  measured  by  the  thiobarbi- 
turic  acid  test  for  malondialdehyde.  Hippocampal  slices 
from  a  single  animal  were  separated  into  control  (un¬ 
treated)  and  experimental  groups  and  incubated  in  the 
experimental  solutions  for  30  min.  At  least  3  slices 
were  required  for  each  group.  Tissue  was  homogenized 
in  1  ml  of  20%  trichloracetic  acid  with  0.5  mM  EDTA, 
followed  by  the  addition  of  2  ml  of  67%  thiobarbituric 
acid  in  20  mM  NaOH.  The  solution  was  then  boiled  for 
10  min  and  centrifuged  at  2400  rpm  for  10  min.  Ab¬ 
sorbance  of  the  supernatant  was  measured  at  530  nm. 
Results  were  standardized  by  the  tissue’s  wet  weight. 

2.4.  Glutathione  measurement 

Total  tissue  glutathione  was  measured  with  the 
Tietze  assay.  At  least  2  slices  for  each  experimental 
condition  were  homogenized  in  0.12%  sulfosalicylic 
acid/0.2%  Triton  X-100  and  allowed  to  stand  for  10 
min  or  more.  The  suspension  was  centrifuged  at  12,000 
rpm  for  4  min  and  the  supernatant  combined  with 
dithiobis-nitrobenzoic  acid  and  NADPH.  The  addition 
of  glutathione  reductase  produced  thionitrobenzoic 
acid,  which  was  monitored  at  412  nm. 

To  reduce  tissue  glutathione  by  20%,  slices  were 
incubated  with  5  mM  buthionine  sulfoximine  for  2  h 
before  use  (Pellmar  et  al.,  1992).  Remaining  glu¬ 


tathione  could  be  inactivated  by  exposure  to  100  ^aM 
dimethylfumarate  (DMF),  which  covalently  binds  glu¬ 
tathione  (Biaglow  et  al.,  1982).  Treatment  with  DMF 
effectively  removed  all  remaining  glutathione  from  the 
tissue  (Pellmar  et  al.,  1992). 

2.5.  Generation  of  free  radicals 

In  an  in  vitro  brain  slice  preparation,  several  ap¬ 
proaches  can  be  used  to  generate  free  radicals.  Chemi¬ 
cal  generating  systems  (i.e.,  through  Fenton  chemistry 
or  auto-oxidation  reactions)  can  produce  radicals  in  the 
perfusate.  Alternatively,  ionizing  radiation  can  be  used 
to  generate  reactive  oxygen  compounds  throughout  the 
neuronal  tissue. 

2.5.1.  Hydrogen  peroxide 

Hydrogen  peroxide  reacts  with  tissue  iron  to  pro¬ 
duce  the  hydroxyl  free  radical  through  the  Fenton 
reaction. 

H2O2  +  Fe  +  -  ^  OH  +  Fe+-'’  -I-  OH^ 

Addition  of  iron  to  the  ACSF  is  not  necessary  to 
generate  hydroxyl  radicals;  there  is  sufficient  iron  in 
the  reagents  and  in  the  tissue  to  allow  the  Fenton 
reaction  (Pellmar  et  al.,  1989;  Myers  et  al.,  1994).  Since 
peroxide  is  freely  permeable  through  cell  membranes, 
hydroxyl  radicals  are  likely  to  form  wherever  iron  (or 
copper)  are  located,  both  intracellularly  and  extracellu- 
larly. 

The  hydroxyl  radical  reacts  with  the  spin  trap  DMPO 
to  produce  a  relatively  stable  adduct  that  can  be  mea¬ 
sured  with  ESR  techniques.  Hippocampal  slices  in 
ACSF  show  the  characteristic  1 : 2 ;  2 : 1  pattern  after 
treatment  with  hydrogen  peroxide  (Myers  et  al.,  1994). 
With  time,  the  pattern  changes  suggesting  that 
carbon-centered  radicals  are  being  formed,  which  is 
consistent  with  the  physiological  damage  taking  place. 

2.5.2  Superoxide  radicals 

Superoxide  radicals  were  generated  through  the  au- 
toxidation  of  dihydroxyfumarate  (DHF).  A  concentra¬ 
tion  of  3  mM  was  found  to  be  effective  in  hippocampal 
slices  as  well  as  in  other  in  vitro  systems  (Barrington  et 
al.,  1988;  Pellmar  and  Lepinski,  1992).  Dihydroxyfu¬ 
marate  reacts  with  oxygen  to  produce  superoxide  and 
the  oxidation  product,  diketosuccinate  (Halliwell,  1977). 
With  this  system,  superoxide  is  generated  extracellu- 
larly.  Although  the  negatively  charged  superoxide  can 
enter  cells  through  anion  channels,  due  to  the  low 
resting  anion  permeability  of  neurons,  it  is  unlikely  that 
these  radicals  have  significant  access  to  the  intracellu¬ 
lar  space  in  neural  tissue. 

2.5.3.  Ionizing  radiation 

Ionizing  radiation  deposits  its  energy,  in  part,  by 
generating  free  radicals  in  the  intracellular  and  extra- 
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cellular  aqueous  environment.  A  60-cobalt  source  was 
used  to  provide  y-radiation  (Tolliver  and  Pellmar, 
1987).  As  the  slices  were  cut,  they  were  alternately 
placed  in  one  of  two  beakers  of  oxygenated  ACSF. 
After  the  incubation  period,  both  beakers  were  trans¬ 
ported  through  the  building  to  the  cobalt  facility  (3-4 
min  interval).  When  there,  one  of  the  beakers  was 
positioned  in  the  radiation  field  while  the  other  beaker 
was  shielded  from  the  radiation  source.  At  least  one 
slice  from  each  beaker  was  evaluated  electrophysiologi- 
cally  to  allow  comparison  of  tissue  obtained  from  the 
same  animal. 

An  alternative  method  of  radiation  exposure  has 
been  developed  in  which  an  X-ray  unit  is  positioned 
within  a  lead  Faraday  cage  (Schauer  et  al.,  1989;  Pell¬ 
mar  et  al.,  1990).  With  this  arrangement,  we  can  record 
from  brain  slices  before  and  during  radiation  exposure. 
The  X-ray  source  was  configured  with  a  molybdenum 
target  and  filter  to  generate  primarily  17.4  keV  pho¬ 
tons.  Tube  current  was  used  to  regulate  the  dose-rate 
to  the  tissue  at  a  constant  potential  and  at  a  constant 
distance  from  the  slices  in  the  perfusion  chamber. 
Dosimetry  was  performed  on  line  with  a  plastic  scintil¬ 
lator,  calibrated  with  a  parallel-plate  ionization  cham¬ 
ber.  Because  the  X-rays  were  minimally  penetrating, 
extra  care  was  taken  to  ensure  that  the  fluid  level 
above  the  tissue  was  constant  and  minimal. 


3.  Results  and  Discussion 

3.1.  Electrophysiological  effects  of  free- radical  exposure 

Peroxide-generated  hydroxyl  radicals  have  multiple 
effects  in  the  hippocampal  slice  preparation.  Two 
deficits  are  evident  electrophysiologically:  a  decrease  in 
spike  generation  and  a  decrease  in  synaptic  efficacy 
(Fig.  1).  Exposure  to  1.0-3.0  mM  peroxide  caused  a 
decrease  in  the  synaptic  potentials  recorded  both  ex- 
tracellularly  and  intracellularly.  Both  excitatory  and 
inhibitory  potentials  were  reduced.  In  addition,  a  larger 
synaptic  potential  was  required  to  elicit  an  orthodromic 
spike.  Intracellularly,  fewer  action  potentials  were 
elicited  by  a  depolarizing  current  step.  These  effects 
were  reversible  when  the  peroxide  was  removed  from 
the  bathing  solution  (Pellmar,  1986;  Pellmar,  1987). 

Antioxidants  were  able  to  prevent  the  consequences 
of  peroxide  exposure  (Pellmar  et  al.,  1989).  Pre-incuba¬ 
tion  of  the  hippocampal  slice  with  the  iron  chelator 
desferal  provides  significant  protection  of  both  the 
decrease  in  synaptic  transmission  and  the  decrease  in 
the  ability  to  generate  spikes.  Since  chelation  of  the 
available  iron  would  prevent  the  Fenton  reaction  (Graf 
et  al.,  1984),  these  results  suggest  that  the  hydroxyl 
radical,  and  not  the  peroxide  itself,  was  responsible  for 


B.  SYNAPTIC  EFFICACY 


50 


C.  SPIKE  GENERATION 


Fig.  1.  Synaptic  efficacy  and  spike  generation  are  reduced  by  free 
radicals.  A:  sample  field  potential  recordings  obtained  from  field 
CAl  of  guinea  pig  hippocampal  slice  before  and  after  exposure  to  50 
Gy  X-radiation  at  a  dose  rate  of  5  Gy/min.  The  synaptic  response  to 
stimulation  of  stratum  radiatum  was  significantly  decreased  by  the 
radiation.  The  resulting  population  spike  was  completely  blocked  by 
the  exposure.  B:  reduction  in  synaptic  efficacy  by  hydrogen  peroxide 
(3  mM),  X-radiation  (50  Gy  at  5  Gy/min)  and  dihydroxyfumarate  (3 
mM).  The  effects  of  dihydroxyfumarate  were  not  statistically  signifi¬ 
cant.  C:  reduction  in  spike  generation  by  hydrogen  peroxide  (3  mM), 
X-radiation  (50  Gy  at  5  Gy/min)  and  dihydroxyfumarate  (3  mM). 
The  effects  reflect  the  decreased  ability  of  constant  size  synaptic 
potential  to  elicit  a  population  spike.  n^9  for  peroxide,  «  =  4  for 
X-radiation,  «  —  7  for  dihydroxyfumarate.  *  reflects  significance  at 
P  <  0.05%. 


the  observed  effects.  Pretreatment  with  the  antioxidant 
Trolox-C  was  also  capable  of  mitigating  the  actions  of 
peroxide.  The  free-radical  scavenger  DMSO  protected 
against  the  decrease  in  spike  generation  but  not  the 
decrease  in  synaptic  efficacy. 

Superoxide,  generated  from  dihydroxyfumarate,  only 
decreased  spike  generation.  Synaptic  potentials  were 
not  reduced  by  3  mM  DHF  (Fig.  1).  The  enzyme 
superoxide  dismutase  (SOD)  catalyzes  the  reaction 
converting  superoxide  to  hydrogen  peroxide.  Catalase 
can  then  break  down  the  hydrogen  peroxide  to  water 
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(Fridovich,  1978;  Fridovich,  1983;  Halliweli  and  Gut- 
teridge,  1985).  Pretreatment  with  SOD  did  not  prevent 
the  actions  of  DHF.  On  the  contrary,  when  SOD  was 
present,  DHF  decreased  the  synaptic  potentials  as  well 
as  spike  generation.  Pretreatment  with  both  catalase 
and  SOD  prevented  both  effects  of  DHF.  In  fact, 
catalase  alone  was  able  to  significantly  reduce  the 
impairment  of  spike  generation  by  DHF.  These  data 
suggest  that  the  actions  of  DHF  are  primarily  mediated 
through  spontaneous  dismutation  of  superoxide  to  hy¬ 
drogen  peroxide  and  this  process  was  enhanced  by  the 
addition  of  SOD  (Pellmar  and  Lepinski,  1992).  As 
discussed  above,  hydroxyl  radicals  are  likely  to  mediate 
the  actions  of  the  DHF-generated  peroxide. 

Exposure  to  ionizing  radiation  at  high  dose  rates 
( >  5  Gy/min)  produced  changes  in  hippocampal  tissue 
that  resembled  those  of  hydrogen  peroxide  (Fig.  1). 
Both  the  population  spike  and  the  synaptic  potential 
were  decreased.  However,  unlike  peroxide  or  DHF 
exposure,  the  effects  of  radiation  were  not  reversible 
with  time  after  exposure.  Both  X-  and  y-radiation 
produced  similar  effects.  Higher  doses  (>  75  Gy  at  20 
Gy/min)  were  required  to  observe  significant  effects 
with  the  y-radiation  because  comparisons  were  made 
between  slices  from  the  same  animal  (Tolliver  and 
Pellmar,  1987).  In  contrast,  X-radiation  allowed  com¬ 
parisons  within  the  same  slice,  and,  consequently,  there 
was  less  variability  in  the  data.  The  radiation  effects  on 
synaptic  efficacy  showed  a  strong  sensitivity  to  dose 
rate.  Higher  dose-rates  were  more  effective  in  decreas¬ 
ing  synaptic  efficacy.  In  fact,  at  very  low  dose-rates, 
synaptic  efficacy  significantly  increased  (Pellmar  et  ah, 
1990). 

3.2.  Recovery  from  free-radical  damage  due  to  repair 
mechanisms 

Glutathione  is  a  non-protein  thiol  found  in  high 
concentrations  in  most  cell  types.  It  is  a  powerful 
reducing  agent  and,  through  a  variety  of  biochemical 
pathways,  acts  to  repair  oxidation  damage  (Meister, 
1983;  Mitchell,  1988;  Reed,  1990).  Glutathione  can  be 
partially  depleted  by  inhibition  of  its  synthesis  with 
buthionine  sulfoximine  (Griffith  and  Meister,  1985). 
Partial  depletion  to  80%  of  control  levels  allowed  only 
partial  recovery  from  peroxide  damage.  Reaction  with 
dimethyl  fumarate  completely  depleted  glutathione  in 
hippocampal  slices.  This  treatment  did  not  enhance 
the  effects  of  hydrogen  peroxide  but  prevented  any 
recovery  from  the  damage.  These  data  suggest  that 
glutathione  is  required  for  repair  of  free-radical  dam¬ 
age  in  hippocampal  slices.  It  is  possible  that  the  glu¬ 
tathione  repair  system  (and/or  other  repair  mecha¬ 
nisms)  is  inactivated  by  ionizing  radiation  preventing 
the  reversal  of  the  damage. 


3.3.  Mechanisms  of  spike  generation  decrease 

The  ability  to  generate  orthodromic  spikes  was  im¬ 
paired  by  all  of  the  free-radical  generating  systems  we 
have  used:  hydrogen  peroxide,  dihydroxyfumarate  and 
ionizing  radiation.  A  larger  synaptic  potential  was  re¬ 
quired  to  elicit  an  orthodromic  action  potential.  In 
addition,  the  number  and  the  frequency  of  action  po¬ 
tentials  elicited  by  depolarizing  current  in  a  pyramidal 
cell  were  reduced  by  peroxide-generated  hydroxyl  radi¬ 
cals. 

Experimental  evidence  suggests  that  the  decrease  in 
spike  generation  is  correlated  with  lipid  peroxidation. 
With  free-radical  attack  of  membrane  lipids,  hydroper¬ 
oxides  are  formed  in  the  membrane,  and  crosslinking 
between  the  lipids  occurs  (Halliweli  and  Gutteridge, 
1985).  Hippocampal  slices  treated  with  hydrogen  per¬ 
oxide  or  with  DHF  demonstrated  an  increase  in  lipid 
peroxidation  (Fig.  2).  Lipid  peroxidation  initiated  by 
hydrogen  peroxide  was  prevented  by  pretreatment  with 
desferal,  Trolox-C  or  DMSO.  DHF-induced  lipid  per¬ 
oxidation  was  prevented  by  pretreatment  with  SOD 
plus  catalase  or  by  DMSO.  The  pharmacological  sensi¬ 
tivity  of  lipid  peroxidation  correlated  with  the  decrease 
in  spike  generation  but  not  with  the  decrease  in  synap¬ 
tic  efficacy.  DHF,  which  did  not  alter  synaptic  trans¬ 
mission,  did  elicit  lipid  peroxidation.  DMSO  did  not 
protect  against  the  peroxide-induced  decrease  in 
synaptic  efficacy  but  did  prevent  both  changes  in  spike 
generation  and  lipid  peroxidation.  In  addition,  the 
observation  that  impairment  of  spike  generation  was 
minimally  sensitive  to  changes  in  dose-rate  further 
supports  a  lipid  peroxidation  mechanism  for  this  elec- 
trophysiological  effect.  Lipid  peroxidation  is  known  to 
show  inverse  dose-rate  sensitivity  or  limited  sensitivity 
at  the  higher  dose  rates  of  ionizing  radiation  (Raleigh 
et  al.,  1977). 

The  physiological  mechanisms  for  the  decreased 
ability  to  generate  spikes  are  still  unknown.  Intracellu¬ 
lar  recordings  indicated  that  membrane  potential, 
membrane  resistance,  membrane  capacitance  and 
sodium  spike  threshold  are  not  measurably  changed 
with  exposure  to  hydrogen  peroxide.  Voltage  clamp 
recordings  of  membrane  currents  isolated  pharmaco¬ 
logically  demonstrated  that  none  of  the  tested  potas¬ 
sium  currents  (A,  K,  C  or  Q)  were  altered  by  free-radi¬ 
cal  exposure  (Pellmar,  1987).  It  is  possible  that 
sodium-current  activation  kinetics  could  be  altered  by 
free  radicals  and  lipid  peroxidation,  resulting  in  de¬ 
creased  spike  frequency.  This  possibility  remains  to  be 
tested. 

3.4.  Mechanisms  of  decreased  synaptic  efficacy 

Oxidation  of  cellular  proteins  is  likely  to  mediate 
the  changes  in  synaptic  transmission  (Pellmar  and  Neel, 
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LIPID  PEROXIDATION 


Fig.  2.  Lipid  peroxidation  is  elicited  by  3  mM  hydrogen  peroxide  and 
3  mM  dihydroxyfumarate  but  not  by  chloramine-T.  Desferal,  Trolox- 
C  and  DMSO  prevent  the  peroxide-induced  lipid  peroxidation.  SOD 
plus  catalase  and  DMSO  prevent  the  DHF-induced  lipid  peroxida¬ 
tion.  %  change  was  calculated  from  a  ratio  of  the  experimental 
condition  and  a  paired  control.  Lipid  peroxidation  was  measured  by 
the  thiobarbituric  acid  assay,  n  =  8-10  for  all  groups.  *  reflects 
significance  at  P  <  0.05%. 


1989).  Chloramine-T  and  N-chlorosucdnimide  are  ca¬ 
pable  of  oxidizing  cellular  proteins  (Scheehter  et  al., 
1975).  Exposure  of  hippocampal  slices  to  these  agents 
did  not  cause  lipid  peroxidation  and  did  not  alter  spike 
generation.  However,  the  oxidizing  agents  selectively 
decreased  synaptie  efficacy. 

Presynaptic  damage  is  likely  to  account  for  the 
free-radical  induced  impairment  of  synaptic  transmis¬ 
sion.  Although  both  GABA-mediated  inhibitory  post- 
synaptie  potentials  and  glutamate-mediated  excitatory 
postsynaptic  potentials  were  decreased  by  free-radical 
exposure,  responses  to  iontophoretically  applied  neu¬ 
rotransmitter  were  insensitive.  Depolarizing  responses 
to  glutamate  primarily  aetivated  non-NMDA  receptors. 
Responses  to  GABA  near  the  cell  bodies  CAl  pyrami¬ 
dal  cells  were  hyperpolarizing,  while  on  the  dendrites 
were  depolarizing.  None  of  these  responses  were  af¬ 


fected  by  high  concentrations  (3  mM)  of  hydrogen 
peroxide.  A  presynaptic  mechanism  was  postulated 
(Pellmar,  1986)  and  supported  by  subsequent  studies 
showing  a  decrease  of  ealcium-dependent  release  of 
glutamate  and  of  GABA  from  cerebrocortical  synapto- 
somes  (Gilman  et  al.,  1992). 

In  contrast  to  non-NMDA,  glutamate  receptors, 
postsynaptic  NMDA  receptors  are  likely  to  be  vulnera¬ 
ble  to  free  radicals  (Aizenman  et  al.,  1990).  With 
oxidation  of  these  reeeptors,  the  responses  to  NMDA 
are  decreased  (Aizenman  et  al.,  1989).  In  the  presence 
of  DNQX  to  block  the  non-NMDA  receptors  and 
low-magnesium-containing  ACSF  to  remove  the  volt¬ 
age  sensitivity  of  the  NMDA  response,  orthodromic 
stimulation  of  the  stratum  radiatum  produced  a  synap¬ 
tic  potential  that  was  completely  blocked  by  exposure 
to  APV,  an  NMDA  receptor  antagonist.  This  synapti- 
cally  evoked  NMDA-mediated  response  was  very  sensi¬ 
tive  to  hydrogen  peroxide.  It  was  decreased  by  concen¬ 
trations  (580  iiM  peroxide)  that  have  no  effect  on  the 
normal  synaptic  potential  or  on  presynaptie  events. 
Similar  coneentrations  of  hydrogen  peroxide  prevent 
the  maintenance  of  long-term  potentiation  (LTP)  in 
field  CAl  of  the  hippocampus  (Pellmar  et  al.,  1991; 
Colton  et  al.,  1989).  Because  NMDA  receptor  activa¬ 
tion  is  necessary  for  production  of  LTP  in  this  area  of 
hippocampus,  we  hypothesize  that  the  oxidation  of 
NMDA  receptors  by  free  radicals  mediate  these  ac¬ 
tions  of  hydrogen  peroxide. 


4.  Conclusions 

With  the  use  of  hippocampal  slice  preparation,  we 
have  started  to  define  the  electrophysiological  and 
bioehemical  consequenees  of  free-radical  exposure. 
Lipid  peroxidation  of  cellular  membranes  results  in  a 
decreased  ability  of  the  neurons  to  generate  spikes. 
Free  radicals  decrease  both  inhibitory  and  excitatory 
synaptic  potentials  through  a  presynaptic  mechanism. 
Oxidation  of  proteins  is  likely  to  underlie  the  damage. 
In  addition,  oxidation  of  postsynaptic  NMDA  recep¬ 
tors  disrupt  neuronal  plastieity.  Other  actions  of  free 
radicals,  such  as  a  decrease  in  uptake  of  glutamate  and 
of  GABA  (Gilman  et  al.,  1994;  Pellmar  et  al.,  1994; 
Volterra  et  al.,  1994)  are  also  likely  to  contribute  to 
neurophysiologieal  deficits.  With  our  increasing  knowl¬ 
edge,  future  treatments  of  free-radical-mediated  syn¬ 
dromes  ean  be  targeted  to  vulnerable  meehanisms. 
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ABSTRACT 

The  apparent  persistence  length  of  enzymatically 
lineariz^  pIBISO  plasmid  DNA  molecules  -2300  bp 
long,  as  measured  by  a  hydrodynamic  linear  flow 
dichroism  method,  is  markedly  decreased  after  coval¬ 
ent  binding  of  the  highly  tumorigenic  benzo[a]pyrene 
metabolite  7fl,8S-dihydroxy-9S,  t  Ofl-epoxy-7,8,9,1 0- 
tetrahydrobenzo[a]pyrene  [(+)-anf/-BPDE].  In  striking 
contrast,  the  binding  of  the  non-tumorigenic,  mirror- 
image  7S,8R,9R,10S  enantiomer  [(’-)-anf/-BPDE]  to 
DNA  has  no  measurable  effect  on  its  alignment  in 
hydrodynamic  flow  gradients  (<2.2%  of  the  DNA  bases 
modified).  In  order  to  relate  this  effect  to  BPDE- 
nucleotide  lesions  of  defined  stereochemistry,  the 
bending  induced  by  site-specifically  placed  and 
stereochemically  defined  (+)-  and  (-)-a^f^BPDE-N^-dG 
lesions  in  an  11mer  deoxyoligonucleotide  duplex  was 
studied  by  ligation  and  gel  electrophoresis  methods. 
Out  of  the  four  stereochemically  isomeric  anf/'-BPDE- 
N^-deoxyguanosyl  (dG)  adducts  with  either  {+ytrans, 
{-ytrans,  (+)-c/s,  and  (-)-c/s  adduct  stereochemistry, 
only  the  (+)-frans  adduct  gives  rise  to  prominent  bends 
or  flexible  hinge  joints  in  the  modified  oligonucleotide 
duplexes.  Since  both  anf/-BPDE  enantiomers  are 
known  to  bind  preferentially  to  dG  (>85%),  these 
observations  can  account  for  the  differences  in 
persistence  lengths  of  DNA  modified  with  either 
(+)-anf/-BPDE  or  the  chiral  (-)-anf/-BPDE  isomer. 

INTRODUCTION 

Polycyclic  aromatic  hydrocarbons,  e.g.  benzo[a]pyrene  (BP),  are 
metabolized  in  vivo  to  potent  genotoxic  diol  epoxide  derivatives 
that  covalently  bind  to  DNA  (1-3).  The  resulting  distortions  in 
the  native  DNA  conformation  are  believed  to  adversely  affect  the 
cellular  processing  of  the  modified  DNA,  and  play  an  important 
role  in  mutagenesis  (4,5),  as  well  as  in  the  initiation  stages  of 
tumorigenesis  (6).  The  most  tumorigenic  metabolite  of  BP  is  the 


stereoisomer  7/?,55-dihydroxy-9S, 70/?-epoxy-7,8,9,  lO-tetrahydro- 
benzo[a]pyrene  [(+)-anti-BFDE];  interestingly,  the  mirror  image 
7S,8R,9R,10S  enantiomer  [(-)-flnti>BPDE]  is  not  tumorigenic 
(7,8).  The  mutagenic  activities  of  these  two  enantiomers  are  also 
strikingly  different,  the  (+)-isomer  being  more  mutagenic  in 
mammalian  cells,  while  the  (-)-enantiomer  is  more  active  in 
bacterial  cells  (9-11).  The  molecular  and  structural  origins  of  the 
differences  in  biological  activities  of  (+)-  and  (~yanti-BPDE 
have  long  been  of  interest  (12,13).  Both  enantiomers  react 
predominantly  by  opening  of  the  epoxide  ring  at  the  C 10  position 
of  BPDE  and  by  either  trans  or  cis  addition  of  the  exocyclic  amino 
group  of  guanine  residues  in  DNA  (14,15);  the  stereochemical 
properties  of  the  four  possible  BPDE-N^-dG  lesions  are  depicted 
in  Figure  1.  The  availability  of  site-specifically  modified 
oligonucleotides  with  stereochemically  different  BPDE-N^-dG 
lesions,  has  made  possible  a  number  of  conformational  (16-18), 
spectroscopic  (19X  thermodynamic  (20,21),  biochemical  (22) 
and  site-directed  mutagenesis  studies  in  vitro  (23-25)  and  in  vivo 
(26). 

Structural  alterations,  such  as  the  induction  of  bends  or  hinge 
joints  at  the  sites  of  the  lesions,  may  constitute  significant  forms 
of  DNA  damage  (27,28).  These  structural  distortions  may  affect 
recognition  of  the  damaged  DNA  by  repair  enzymes,  and 
adversely  influence  replication  and  transcription.  Using  transient 
electric  linear  dichroism  and  gel  electrophoresis  methods,  Hogan 
et  al.  (29)  demonstrated  that  the  covdent  binding  of  racemic 
anti-BPDE  to  145-185  bp  DNA  fragments  induces  bends  or 
kinks.  The  covalent  binding  of  the  (+)-artti“BPDE  enantiomer  to 
native  DNA  reduces  its  apparent  persistence  length,  as  measured 
by  hydrodynamic  flow  linear  dichroism  techniques  (30,31). 
\^ile  BPDE-deoxyguanine  adducts  are  dominant,  the  BPDE- 
DNA  adduct  distribution  is  heterogeneous  (15)  and  the  loss  in 
persistence  length  (30,31)  cannot  be  directly  associated  with  any 
of  the  stereochemically  distinct  guanine  adduct  forms  (Fig.  1).  In 
order  to  assess  the  effects  of  stereochemically  different  anti- 
BPDE-N^-dG  lesions  on  bending,  we  synthesized  BPDE- 
modified  deoxyoligonucleotides  with  site-specifically  placed 
BPDE-N^-dG  lesions  of  defined  stereochemistry.  Using  ligation 
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(+)-anf/-BPDE  (-)-anf/-BPDE 


(+ytrans  (+)-c/s 


(-)-trans 


Figure  1.  Stereochemisti^’  of  adducts  resulting  from  the  trans-  or  c  /.v-addition  of  the  two  BPDE  enantiomers  to  the  exocyclic  amino  group  of  deoxyguanosine  residues 
(dG). 


and  polyacrylamide  gel  electrophoresis  methods,  the  electrophoretic 
mobilities  of  four  stereochemically  distinct  isomeric  BPDE- 
modified  oligonucleotide  duplexes  were  compared  to  one  another. 

MATERIALS  AND  METHODS 

Preparation  of  BPDE-niodified  oligonucleotides 

The  oligonucleotides  5'-d(CACATGTACAC)  and  the  strand 
5^-d(GGTGTACATGT)  were  prepared  by  the  phosphoramidite 
method  using  an  automated  DNA  synthesizer.  The  (+)-  and 
(--)-anr/-BPDE  enantiomers  were  purchased  from  the  National 
Cancer  Institute  Chemical  Carcinogen  Reference  Standard 
Repository  (Chemsyn  Sciences,  Inc.,  Lot  numbers  90-253-14-33 
and  89-236-14-07,  respectively).  The  stereochemically  defined 
BPDE-modified  oligonucleotides  5'-d(CACAT(G®P^^)TACAC), 
with  =  {-\-)-trans~anti-BPDE-N^~dG,  (-)  -  trans -anti - 

BPDE-N“-dG,  (+)-cis-anti-BFDE-N^-dG.  or  (-)-c/5’-r/nr/-BPDE- 
N^-dG,  were  prepared  by  direct  synthesis  methods  (32).  Their 
stereochemical  characteristics  were  ascertained  as  described 
previously  for  this  particular  sequence  (19). 

Labeling,  ligation  and  gel  electrophoresis 

About  2  |ig  of  each  unmodified  and  BPDE-modified  oligo¬ 
nucleotide  were  5'-end-labeled  with  (^ew  England 

Nuclear)  using  6  U  of  T4  polynucleotide  kinase  (Gibco  Biological 
Research  Laboratories)  as  described  previously  (22).  After 
labeling  with  [y-^^PlATR  2  pi  of  0. 1  M  cold  ATP  (Pharmacia)  and 
an  additional  6  U  of  T4  polynucleotide  kinase  were  added,  and  the 
reaction  was  continued  at  37  °C  for  an  additional  hour.  The 
labeled  unmodified  and  BPDE-modified  single- stranded  oligo¬ 
nucleotides  were  repurified  using  denaturing  20%  polyacryl¬ 
amide  gel  electrophoresis  (7  M  urea).  The  end-labeled  and 
purified  oligonucleotides  were  mixed  with  complementary 


strands  designed  to  produce  cohesive  single-stranded  ends, 
heated  at  70 for  10  min,  and  allowed  to  cool  slowly  to  8°C 
overnight,  thus  forming  duplexes.  The  basic  procedure  of  Koo  et 
al  (33),  with  minor  modifications,  was  used  for  ligating  the 
following  oligonucleotide  duplexes  (complementary:  modified 
strand  ratio  1.3:1)  with  cohesive  ends  at  each  end: 

5'-CACATG*TACAC 

TGTAC  ATGTGG-5' 

Briefly,  -0.5  pg  of  these  double-stranded  oligonucleotides 
were  incubated  in  50  pi  of  ligation  buffer  solution  (25  mM 
Tris-HCl,  5  mM  MgCl2, 0.5  mM  ATP  and  0.5  mM  dithiothreitol, 
pH  7.6)  and  10  U  of  T4  ligase  (Gibco  Biological  Research 
Laboratories)  at  12°C  for  >24  h.  The  ligated  multimers  were 
subjected  to  electrophoresis  on  non-denaturing  8%  polyacryl¬ 
amide  gels  in  0. 1  M  Tris-borate  (pH  8.3),  2.5  mM  EDTA  (TBE 
buffer)  at  4°C.  The  relative  intensities  of  each  of  the  bands  were 
analyzed  using  a  BIORAD  250  imaging  system  (Biorad, 
Hercules,  CA). 

BPDE-modified  native  DNA  and  flow  linear  dichroism 
measurements 

The  2926  bp  Ecc^Rl  enzyme  restriction  fragments  of  the  plasmid 
pIBI30  were  prepared  as  described  previously  (34),  and  were 
used  in  the  hydrodynamic  flow  linear  dichroism  experiments 
because  of  their  defined  and  homogeneous  size.  The  DNA  was 
reacted  with  either  (+)-  or  (-yanti-BPDE  to  generate  BPDE- 
modified  DNA  molecules  as  described  earlier  (35).  Aqueous 
DNA  solutions  were  subjected  to  a  hydrodynamic  flow  gradient 
in  a  Couette  cell,  and  the  absorbance  was  measured  with  linearly 
polarized  light  as  described  in  detail  elsewhere  (34,35).  The  linear 
dichroism  signal  (LD)  is  defined  as  A//  -  A  x ,  where  A//  and  A  x 
are  the  absorbances  corresponding  to  the  light  polarization  being 
oriented  parallel  or  perpendicular  to  the  flow  direction,  respectively 
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Figure  2.  Linear  dichroism  signal  measured  at  260  nm  of  linearized  pIBBO 
fragments  2926  bp  long  covalently  modified  with  (+)-BPDE  (black  squares) 
and  (-)-BPDE  (open  squares)  as  a  ftinction  of  the  fraction  of  modified  bases. 
DNA  concentration:  3.7  x  10“^  M  (nucleotide  concentration),  in  5  mM  Tris 
buffer  solution  (pH  7.9),  24  ±  1  °C.  Flow  gradient:  1800  s"^ .  Additional  details 
concerning  the  apparatus  and  methods  of  measurement  are  as  previously 
described  (34). 


(36).  The  linear  dichroism  signal  is  proportional  to  the  degree  of 
alignment  of  the  DNA  molecules  in  the  hydrodynamic  flow 
gradient,  and  thus  to  the  DNA  persistence  length  (36). 


Figure  3.  Ligation  ladders  of  unmodified  1  Imer  duplexes  5'-d(CACATGTA- 
CAC)*5'-d(GGTGTACATGT)  (lane  2),  and  BPDE-modified  duplexes 
5'-d(CACAT(GBPI^E)XACAC)«5'-d(GGTGTACATGT)  with  {■¥)-trans-  (lane 
3),  i+yds-  (lane  4),  {-ytrans-  (lane  5),  and  (-)-ci5-adduct  stereochemistry  (lane 
6).  The  single  band  in  lane  1  is  due  to  an  unligated  standard  1  Imer  duplex  used 
as  a  size  marker  (see  text). 


RESULTS 

Flow  linear  dichroism  characteristics 

The  magnitude  of  the  LD  signal  measured  within  the  DNA 
absorption  band  at  260  nm  is  dominated  by  the  DNA  transition 
moments  and  thus  reflects  the  degree  of  alignment  of  the  DNA 
molecules.  The  DNA  bases  tend  to  align  themselves  with  their 
planes  perpendicular  to  the  flow  direction  in  the  Couette  cell,  and 
the  sign  of  the  LD  signal  is  thus  negative  at  260  nm  (36). 

The  covalent  binding  of  (+)-anti-B?DE  causes  increasingly 
large  decreases  in  the  magnitude  of  the  LD  signal  with  increasing 
rb  (number  of  BPDE  residues/nucleotide)  in  the  measured  range 
of  rb  =  0.004-0.022  (Fig.  2).  These  levels  of  binding  correspond 
to  one  lesion  per  25-125  bp,  which  are  comparable  with  the 
average  persistence  length  of  unmodified  native  DNA  [120-150 
bp  (37)].  In  contrast  to  the  effects  caused  by  the  (+)-stereoisomer, 
no  observable  changes  in  the  hydrodynamic  alignment  of  the 
(-)-anr/-BPDE-modified  DNA  molecules  up  to  rb  =  0.022  are 
observed  (Fig.  2).  Flow  linear  dichroism  studies  of  (-)-anti- 
BPDE-modified  calf  thymus  DNA  were  previously  carried  out 
only  at  low  values  of  f\,<  0.0037),  and  the  associated  decrease  in 
the  LD  signal  was  reported  to  be  small  (30).  Our  results  span  a 
wider  range  of  rb,  and  suggest  that  the  adducts  formed  from 
{-yanti-BFDE,  unlike  those  derived  from  (+)-anr/-BPDE,  do  not 
significantly  perturb  the  overall  persistence  length  of  DNA. 
Although  guanine  residues  are  the  major  targets  of  binding  of 
anti-BBDE  in  DNA,  the  adduct  distribution  is  heterogeneous  ( 1 5) 
and  the  bending  effects  cannot  be  directly  and  unambiguously 
associated  with  a  particular  lesion.  However,  the  bending  induced 
by  stereochemicdly  distinct  antz-BPDE-N^-dG  lesions,  can  be 
examined  by  ligating  site- specifically  modified  oligonucleotide 


duplexes,  and  by  examining  the  electrophoretic  mobilities  of  the 
ligation  products  on  native  polyacrylamide  gels. 

Gel  electrophoresis  of  self-ligated  oligonucleotides 

A  typical  autoradiograph  of  a  non-denaturing  electrophoresis  gel 
of  ligation  products  of  the  BPDE-modified  and  unmodified 
1  Imers  is  shown  in  Figure  3.  Lane  1  represents  the  electrophoretic 
migration  of  an  unmodified  llmer  duplex  5'-d(CCATCGC- 
TACC)»5'-d(GGGTAGCGATG)  that  is  routinely  used  as  a 
standard  size-marker  in  our  laboratory.  Lane  2  represents  the 
migration  of  a  mixture  of  multimers  of  the  ligated  unmodified 
llmer  duplex  5'-d(CACATGTACAC)*d(GGTGTACATGT); 
lanes  3,  4,  5  and  6  represent  electrophoretic  mobility  patterns  of 
the  ligation  mixtures  of  the  BPDE-modified  duplexes 
5'-d(CACAT(GBPDE)XACAC)»5'-d(GGTGTACATGT),  with 
(qBPDE)  representing  the  (+)-trans-  (lane  3),  (+)-c/5-  (lane  4), 
{-)-trans-  (lane  5),  and  (-)-c/5-a/2f/-BPDE-N^-dG  lesions  (lane 
6).  In  general,  the  appearance  of  these  kinds  of  gels  are  variable, 
and  depend  not  only  on  the  ligation  reaction  time  and  the  amount 
of  enzyme,  but  also  on  the  exposure  time.  The  exposure  of  the 
photograph  in  Figure  3  was  adjusted  so  as  to  emphasize  the 
unusual  set  of  dark  bands  in  the  upper  portion  of  lane  3;  some  of 
the  fainter,  higher  mobility  bands  are  therefore  poorly  visible  in 
this  photograph.  However,  these  fainter  bands  are  evident  in  the 
densitometer  tracings  of  lanes  2,  3  and  5  for  the  unmodified, 
{+)-trans-,  and  (-)-frany-BPDE-modified  oligonucleotide 
duplexes  (Fig.  4).  Similar  densitometer  tracings  were  obtained 
with  the  (-yds-  and  (+)-cis  oligomer  adducts  (lanes  4  and  6)  that 
revealed  a  total  of  four  and  five  variable-intensity  bands, 
respectively  (data  not  shown). 
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Figure  4.  Densitometer  tracings  of  lanes  2, 3  and  5  in  Figure  3.  (A)  Unmodified 
(um)  multimer  duplexes  (from  lane  2  in  Fig.  3).  (B)  (+)-rrG«j-multimer  adduct 
duplexes  (from  lane  3  in  Fig.  3);  the  lower  molecular  weight  portion 
corresponding  to  the  normal  progression  of  multimers  is  shown  in  the  box  at  a 
2.5x  magnification.  (C)  (-)-rra«.v-multimer  adduct  duplexes  (from  lane  5  in  Fig. 
3).  The  numbers  above  the  bands  denote  the  sequence  lengths  in  base  pairs.  The 
circular  DNA  molecules  are  labeled  ‘a’-‘g’  (see  text). 


Remarkable  adduct  stereochemistry-dependent  differences  in 
the  products  of  the  ligation  reactions  are  observed.  These 
differences  are  summarized  below. 

Differences  in  end-labeling  and  ligation 

efficiencies 

A  difference  in  [y-^^P]ATP  end-labeling  efficiencies  was  noted 
during  the  course  of  these  experiments.  The  efficiencies  of 
labeling  of  trans  and  cis  oligonucleotide  adducts  were  about 
40-50%  and  70-80%  as  efficient,  respectively,  as  the  efficiency 
of  labeling  the  unmodified  1  Imers.  Thus,  the  amounts  of  labeled 
llmers  recovered  in  the  five  different  samples  (Fig.  3)  were  not 
entirely  identical.  Since  identical  amounts  of  complementary 
strands  were  added  in  each  case,  the  actual  ratio  of  complemen¬ 
tary:  labeled  strands  was  highest  in  the  case  of  the  two  trans 
adducts,  and  lowest  in  the  case  of  the  unmodified  adducts.  An 
excess  of  unligated  llmers  is  particularly  pronounced  at  the 
bottom  of  lane  2  (Fig.  3);  a  closer  analysis  showed  that  these 
bands  are  mixtures  of  single-stranded  and  double-stranded 
unmodified  llmers  (data  not  shown).  The  variable  amounts  of 
unligated  llmers  in  lanes  2,  4  and  6  (Fig.  3)  are  thus  attributed, 
at  least  in  part,  to  differences  in  the  amount  of  labeled 
BPDE-modified  strands  recovered  in  the  end-labeling  experi¬ 
ments;  this  can  lead  to  an  insufficient  excess  of  complementary 
strands,  thus  leading  to  partial  dissociation  of  the  duplexes,  and 
inefficient  ligation  reactions. 

High  molecular  weight  ligation  products  are  observ'ed  in  all 
cases  except  in  the  cases  of  the  two  cis  adducts  (Fig.  3).  In  the  case 


of  the  (+)-rra/i5-BPDE  adducts,  much  of  the  high  molecular 
weight  material  is  concentrated  in  six  closely  spaced  intense 
bands  at  the  top  of  lane  3  in  Figure  3.  There  is  a  noticeable  lack 
of  higher  molecular  weight  (+)-cis-  and  (-)-c/j'-multimer  adducts 
(lanes  4  and  6  in  Fig.  3).  The  ligation  efficiencies  of  the  (-i-)-cw- 
and  (-)-c A- adduct  duplexes  are  thus  clearly  lower  than  those  of 
the  unmodified  and  trans-  and  {-)-trans-Sidduct  duplexes 
(lanes  4  and  5).  The  amount  of  cis-llmcrs  is  higher  than  the 
amount  of  1  Imer  or  33mers  (lanes  4  and  6).  These  differences  are 
greater  than  might  be  expected  on  the  basis  of  a  series  of 
consecutive  ligation  reactions,  each  with  similar  rate  constants. 
However,  we  noticed  that  the  activity  of  the  ligase  decreases 
steadily  during  the  course  of  the  reactions;  thus,  quantitative 
comparisons  of  the  amounts  of  different  multimers  formed  is 
difficult,  particularly  with  the  slowly  ligating  m-oligonucleotide 
adducts,  and  the  origins  of  these  effects  were  not  further  pursued. 
The  differences  in  ligation  efficiencies  of  the  pairs  of  trans  and  cis 
oligonucleotide  adducts  may  be  associated  with  differences  in 
adduct  conformations.  The  trans  adducts  are  characterized  by 
external  adduct  conformations,  while  the  cis  adducts  are  inter- 
calative  in  nature  (19),  as  has  been  established  for  BPDE-N^-dG 
in  a  similar  sequence  by  high  resolution  NMR  (16-18)  and  low 
resolution  optical  spectroscopic  methods  (21). 


Electrophoretic  mobilities 

All  of  the  oligonucleotide  multimers  containing  BPDE  residues 
migrate  more  slowly  than  the  unmodified  oligonucleotide 
multimers  with  the  same  number  of  base  pairs,  and  thus  are 
characterized  by  longer  apparent  sequence  lengths.  The  slower 
mobilities  of  the  BPDE-modified  duplexes  and  their  multimers  as 
compared  to  the  unmodified  oligomers  can  be  attributed,  at  least 
in  part,  to  the  additional  mass  of  the  BPDE  residue.  An 
examination  of  the  densitometry  traces  (e.g.  Fig.  4,  and  data  not 
shown)  indicate  that  the  electrophoretic  mobilities  are  arranged  in 
the  following  order:  unmodified  >  (~ytrans  >  (+)-c/5’  >  (-)-c/.y 
>  (+ytrans  oligomers.  The  unusual  relatively  slow  mobility  of  the 
(-i-)-rran5-oligonucleotide  adducts  is  revealed  even  more  strikingly 
in  plots  of  /?L  versus  the  number  of  base  pairs  in  each  multimer 
(Fig.  5),  where  (33) 

=  (apparent  length)/( sequence  length) 

The  apparent  lengths  of  the  BPDE-modified  multimers  are 
obtained  by  extrapolation  of  migration  distances  of  a  given 
BPDE-modified  multimer  band  situated  between  two  unmodified 
multimer  bands  of  known  sequence  length.  The  migration 
distances  are  most  easily  evaluated  from  the  densitometer 
tracings  (e.g.,  Fig.  4). 

The  value  of  is  significantly  greater,  and  its  value  increases 
more  strongly  as  a  function  of  increasing  sequence  length  in  the 
case  of  the  (+ytrans  adducts  (Fig.  5).  The  larger  Rl  ratios  are 
indicative  of  a  greater  degree  of  bending  or  of  more  prominent 
flexible  hinge  joints  in  (-!-)-/ran.y-BPDE-modified  duplexes  than 
in  the  {-)-trans-,  {+ycis-  and  (-)-c/5'-BPDE-modified  duplexes. 
The  degree  of  bending  associated  with  the  multimers  bearing  the 
stereoisomeric  (-)- trans -B?DE-N^-dG  lesions  is  apparently  not 
sufficient  to  observe  ring-closure,  and  minicircles  are  thus  not 
observed  in  lane  4.  From  the  data  in  Figure  3,  no  conclusions 
regarding  minicircle  formation  can  be  reached  in  the  case  of  the 
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Figure  5.  Plot  of  /?L-ratio  as  a  function  of  sequence  length,  expressed  in  terms 
of  the  number  of  base  pairs  per  DNA  molecule. 

two  cis  adducts,  since  the  extent  of  ligation  of  the  two  cis  adducts 
is  insufficient. 

Minicircle  formation  upon  ligation  of  (+)-trans  adducts 

Much  of  the  radioactivity  is  concentrated  in  the  six  prominent 
bands  visible  in  the  upper  portion  of  lane  3  in  Figure  3  (panel  B 
in  Fig.  4).  Employing  two-dimensional  gel  electrophoresis 
techniques  (38,39),  Mao  has  shown  that  these  types  of  intense 
bands,  which  are  observed  only  when  (+)-tran5'-BPDE-modified 
oligonucleotide  duplexes  are  ligated,  are  minicircles  (40).  Ring 
closure  upon  ligation  is  facilitated  by  bends  cind/or  the  flexibilities 
of  the  DNA  molecules  (41),  and  is  thus  a  useful  tool  for  studying 
the  flexibilities  and  persistence  lengths  of  DNA  duplexes  (42). 
Ongoing  work  on  the  characterization  of  these  minicircles  by 
known  methods  (38,39)  shows  that  the  size  of  the  smallest 
minicircle  is  77  bp  (labeled  ‘a’  in  Fig.  4B),  and  that  the  six  larger 
ones  (‘b’-‘g’)  vary  in  size  from  88  to  143  bp  (Xu,  R.,  Mao,  B., 
Amin,  S.  and  Geacintov,  N.E.,  in  preparation). 

DISCUSSION 

Correlation  of  reduced  electrophoretic  mobilities  with 
alterations  in  hydrodynamic  alignment  of  BPDE-modified 
native  DNA  fragments 

When  native  DNA  is  reacted  with  either  (+)-anti-BFDE  or 
(-)-anti-BPDE,  all  four  stereochemically  possible  adducts  are 
formed  in  different  proportions.  In  the  case  of  the  (-i-)-enantiomer, 
94%  are  (-i-)-frart.y-BPDE-N^-dG,  3%  (+)-d.y-adducts  and  1%  or 
less  of  the  adducts  involve  binding  to  adenine  residues.  The 
adduct  distribution  generated  by  the  (-yanti-BFDE  isomer  is 
58%  (^-rran^-BPDE-dG,  5%  {-)-cis-BFDE-N^-dG  and  15% 
{+ytrans-BFDE-N^-dA  adducts  (15).  The  {-{-ytrans-BFDE- 
N^-dG  lesions  outnumber  all  of  the  others  by  a  factor  of  20: 1 ; 
thus,  it  may  be  assumed  that  the  reduced  alignment  of  (+yanti~ 
BPDE-moified  DNA  in  hydrodynamic  flow  gradients  (30,31) 
or  transient  electric  fields  (29),  is  associated  with  the  dominant 
(+)-rran5’-BPDE-N^-dG  lesions. 

Since  the  flow  linear  dichroism  characteristics  of  {-yanti- 
BPDE-modified  DNA  are  not  measurably  affected  in  the  same 
range  of  n?  (Fig.  2),  we  conclude  that  neither  the  (-ytrans-  or 


(-)-c/5-BPDE-N^-dG,  nor  the  (+ytrans-BFDE-N^-dA  lesions, 
significantly  alter  the  persistence  length  of  the  modified  DNA. 
The  gel  electrophoresis  data  is  consistent  with  this  conclusion 
since  only  oligonucleotide  duplexes  with  (-^ytrans-BFDE- 
N^-dG  lesions  exhibit  markedly  slower  electrophoretic  mobilities 
than  those  containing  ciny  of  the  other  three  modified  guanines. 
The  gel  electrophoresis  studies  presented  here  were  obtained  in 
a  single  sequence  context.  It  will  be  of  great  interest  to  investigate 
the  effects  of  base  sequence  on  the  nature  of  the  bends  (flexible 
versus  static,  degree  of  bending,  etc.).  Such  investigations, 
especially  the  effects  of  bases  flanking  the  modified  Gs  on  circle 
size,  are  presently  underway  in  our  laboratory. 

Finally,  we  note  that  structural  distortions  such  as  bends  and 
flexible  hinge  joints  induced  by  the  covalent  binding  of  drugs  or 
bulky  mutagenic  and/or  carcinogenic  compounds  are  not 
uncommon.  Examples  of  such  ligands  include  2-aminofluorene 
and  its  A-2-acetyl-derivative  (27),  (-I“)-CC1065  (43),  cis-platin 
adducts  (44),  UV  light-induced  thymine  dimers  (45)  and  certain 
positional  and  configurational  isomers  of  the  polycyclic  aromatic 
diol  epoxide  derivatives  of  5-methylchrysene  (34)  and  benz[a] 
anthracene  (46). 
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